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PREFACE

This final report, prepared by RCA Laboratories, Princeton, NJ,

under contract DAAG39-77-C-0159, describes work performed principally

in the Solid State Technology Center, D. E. O'Connor, Director.

The Project Scientist is G. W. Hughes. Ion-scattering spec-

troscopy (ISS) measurements were done by W. L. Harrington, secondary-ion

mass spectrometry (SIMS) measurements by C. W. Magee, and x-ray photo-

electron spectroscopy (XPS) measurements by J. H. Thomas III, all of

RCA Laboratories. Device processing and radiation testing were per-

formed with the assistance of R. W. Snedeker and F. A. Taft, Jr.
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1. INTRODUCTION

This report describes the results of radiation effect studies

on wet- and dry-grown thermal SiO 2 MOS oxides. These oxides were grown

at RCA Laboratories in dedicated radiation-hardened wafer fabrication

furnaces for use in this study as well as in other studies carried out

by Harry Diamond and Jet Propulsion Laboratories. The purpose of all

these studies was to learn more about the nature of the radiation

damage mechanisms in thermal SiO 2 MOS devices by the use of identical

samples fabricated by a single supplier. Both electrical and chemical

measurements were carried out on these samples. Because chemical

analysis of oxides is not nearly as sensitive as electrical measure-

ments for detecting species with the densities of typical hole-traps in

hard oxides, oxides were grown deliberately hard and soft for both wet-

and dry-oxide types. Oxidized wafers were not metallized for chemical

analysis. For electrical analysis, MOS capacitors were formed by

evaporation of aluminum. Although many of the radiation-hardened

device processes are now based exclusively on polysilicon-gate tech-

nology, no polysilicon-gate devices were studied. A broad foundation of

fundamental research in radiation-hardened oxides exists for aluminum-

gate structures, whereas very little has been done for polysilicon-gate

devices.

The principal electrical measurements described here are

thermally stimulated current (TSC) measurements of irradiated MOS capac-

itors. These measurements were designed to reveal the thermal "signa-

ture" of trapped holes in the various fabricated oxides. The assumption

is that since the radiation response of hard and soft oxides is so

significantly different, the thermal detrapping of these holes might

reveal something about the nature of the hold traps themselves. The

chemical analysis experiments were designed to measure differences in

the stoichiometry, chemical bonding, and impurity profiles of the vari-

ous oxides. Here we used tools such as ion-scattering spectrometry

(ISS) to measure stoichiometry, x-ray photoelectron spectroscopy (XPS)

to measure chemical bonding, and secondary-ion mass spectrometry (SIMS)

to measure impurity profiles.
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Section 2 describes the preparation of the samples and sum-

marizes the pertinent fabrication and radiation data for cross referenc-

ing in reading of the report. Section 3 explains briefly the electrical

measurement techniques used to characterize these samples, going into

more detail for the more unconventional ones. A comparison of irradia-

tion techniques with respect to absorbed dose and dose rate is also

given. Section 4 describes the preirradiation measurements we made on

these samples, especially the characterization of slow trapping and the

mobile ions some of them contain. Section 5 details the postirradiation

electrical measurements, especially TSC measurements of the wet oxides,

which provided some very interesting information. Section 6 presents

the analytical measurements we made to analyze these oxides and the

conclusions that we arrived at concerning the chemical nature of the

oxides as it relates to hole trapping and radiation hardness. Section

7 presents a summary and some general conclusions.

2. SAMPLE PREPARATION

All samples used in this study were fabricated from Monsanto

2-in.-diameter Czochralski-grown (100) silicon wafers, with n-and p-type

doping of 5- to 10-Q-cm resistivity. Before oxidation, wafers to be

used in vacuum ultraviolet (VUV) irradiation experiments, and therefore
+ +

not mounted on TO-5 headers, received either n or p diffusion on the

back surface of the wafer to facilitate the fabrication of ohmic back

contacts. These diffusions were done by a doped-oxide process in

which the front surface of the wafer is covered by a deposited oxide to

mask it from the diffusion. After doped-glass deposition the dopant is

driven in at 1050'C and the glass is removed. Before oxidation all

wafers received a standard cleaning treatment which consists of a

hydrofluoric acid dip followed by cleaning in an organic-impurity

removal solution (NH 4 OH, H202 , and H20) and a metallic-impurity removal

solution (HCI, H2 0 and H20). Wafers were rinsed to 15-MQ resistivity

in deionized water, rinsed in hot distilled water, and then dried in

hot clean air.

12
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2.1 Wet Oxides

Wet oxidation was done by the so-called pyrogenic

process whereby hydrogen is burned in the presence of oxygen inside a

furnace tube to create water. This technique has the advantages of

being easy to control and of not compromising the purity of the aqueous

product by impurities leached from heated quartz vessels as occur in

steam oxidation. As a standard procedure for both wet and dry oxidation,

the furnace tube is cleaned overnight in an azeotropic HC1 steam solu-

tion. The tube is then purged with dry oxygen for 2 hours before oxida-

tion begins. All oxidations were done in a 3-in.-diameter polysilicon

furnace tube contained within a silicon carbide liner.

Deciding on a particular oxidation procedure to follow

for growing hard and soft oxides was mainly a matter of using what is

generally accepted as a "hardened-oxide process" for the hard oxides

and modifying the oxidation or anneal temperature to produce a soft

oxide.

Although this study assumes that we do not yet know

why a particular oxide is hard, there are some generally accepted

notions as to how hardened oxides can be fabricated. Some of the early
1

hard-oxide work, particularly that done by Aubuchon, followed the rule

that oxides will be hard if they are grown in dry 02 at about 1000'C in

HCl-precleaned furnace tubes. Other studies have confirmed this strong

temperature dependence, '3 although we have shown that it is not as
4

strong as it was thought to he. The dry-oxide samples grown for this

study again support this viewpoint. Thus we see that both impurities

IK. Aubuchon, IEEE Trans. Nucl. Sci. NS-18, 117 (1971).
2G. Derbenwick and B. Gregory, IEEE Trans. Nucl. Sci. NS-22, 2151

(1975).
3G. W. Hughes and R. J. Powell, "Radiation and Charge Transport in
SiO 2," Final Report prepared under Contract N00014-74-C-0185 for Office

4 of Naval Research, May 1976.
G. W. Hughes, "Radiation and Charge Transport in SiO 2" Final Report

prepared under Contract NOOOA-74-C-0185 for Office of Naval Research,
Feb. 1977.
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and oxidation kinetics are thought to play a role in radiation

hardening.

Because of the requirements of both factory production

and the low-leakage current in silicon-on-sapphire (SOS) technology, a

radiation-hardened wet-oxidation process was developed throughout the

industry. At RCA this process has evolved to the "recipe" shown in

table I. This yields an oxide of approximately 650-X thickness. The

effectiveness of an added in situ dry-oxidation step is a matter of

controversy. However, it probably does not hurt the radiation hard-

ness of the oxide and will most likely remain in the process for some

time to come.

In an investigation of this sort one would like to have

a high degree of control over the process. However, although we be-

lieve that impurities may play a role in radiation hardening, they are

not completely under our control. We can, however, control the oxida-

tion and annealing kinetics, and if they do have a first-order effect

on radiation hardening we will be able to produce hardened and soft

oxides by varying the oxidation and anneal conditions.

TABLE 1. SUMMARY OF FABRICATION PROCEDURES FOR WET-OXIDE PROCESS

Type of oxide

Hardened Soft
Procedure wet wet

Pyrogenic steam 900'C, 45 min 900°C, 45 min
Oxidation

(2 L/min 02, 1.2 L/min H2 )

Dry oxidation 900'C in situ, 9001C in situ,
30 min 30 min

Nitrogen anneal 900 0 C in situ, 1150-C,
30 min 30 min

Metallization and 15 min 15 min
450'C sinter (forming
gas or nitrogen)

14



For wet oxides it has been observed that high-tempera-

ture anneals produce soft oxides. We have grown soft wet oxides for

this investigation by changing the anneal temperature in the wet-oxide

process from 900 to 1150'C. This process is also shown in table 1.

2.2 Ply Oxides

Hardened dry oxides were grown in a polysilicon furnace

tube at 1000C with no subsequent anneal. This is the commonly accepted

method of producing radiation-hardened dry SiO Table 2 summarizes the

oxidation process used to make both the hard and the soft dry SiO 2.

TABLE 2. SUMMARY OF FABRICATION PROCEDURES FOR DRY-OXIDE PROCESS

Type of oxide

Hardened Soft
Procedure dry dry

Dry oxidation 1000'C, 110 min 1150'C, 15 min

No anneal

Metallization and 450'C sinter 15 min 15 min
(forming gas or nitrogen)

Again, since it is widely believed that oxidation kinetics have a first-

order effect on hardness, we tried to grow soft dry oxides by oxidizing

at 1150°C. As the radiation data in table 3 (see section 2.3) show, the

oxides thus obtained were not nearly as soft as anticipated; this

confirmed our earlier observations on the lack of a strong temperature

dependence of the radiation tolerance of dry SiO 2.

2.3 Metallization

MOS capacitors employed in these experiments were of

two types. Thick-metal capacitors mounted on gold-plated TO-5 headers

were used for high-energy irradiation experiments. Thin-metal capaci-

tors in wafer form were used for VJV experiments. All metallization

was provided by an induction-heated crucible, a source that has been

established as low in alkaline impurities and tree from radiation.

15



Thick-metal capacitors were tormed by the photolitho-

graphic definition of 12,000 X of aluminum (Al) int-o C.040-in. dots.

The back surface of the water was etched Iree ot SiO.,. Alter sintering,

the individual capacitors were diced into pellets ai:d then mounted with

a gold eutectic on the gold-plated T0-5 headers at 400°C in forming gas.

For n-type silicon, a Au/Si/Sb eutectic was used to dope the pellet

backside for good ohmic contacts; for p-type silicon, a Au/Si eutectic

provided the necessary ohmic contact.

Thin-metal capacitors were formed by evaporating 20 (Q/rj
of Al through a Be-Cu shadow mask to form 0.040-in.-diameter MOS dots

approximately 100-200 X thick. The back surface of these wafers (which
+ +

contained either n or p diffusions) was previously etched tree of

SiO 2 and then metallized completely with 12,000 X of Al. All wafers,

both thick- and thin-metal capacitor types, were sintered at 450'C for

15 min in either a forming gas or nitrogen ambient. This is specified

in table 3.

The use of a forming gas sinter has been variously de-

scribed as both a cause and a cure for the many problems that beset MOS

devices. Specifically, it has been said to be beneficial i: reducing

the density of interface states in MOS devices. 5 ,6 However, it has

also been accused of increasing the severity of the so-called "slow-

trapping" instability in MOS devices. The samples we have fabricated

for this study were exposed to either a forming gas sinter or a

nitrogen sinter (see table 3). Most of the data reported here refer

to samples fabricated with a forming gas sinter. Some of these samples

do have a severe slow-trapping instability problem. However, since this

is limited exclusively to thin-metal capacitors, it appears to ',e more

a function of external impurities than of sintering ambinet. This is

discussed in more detail in section 4.1.

6B. E. Deal, J. Electrochem. Soc. 121(6), 198C (1974).
B. E. Deal, "Charge Effects and Other Properties of the Si/SiO 2 Inter-

face: The Current Understanding," Proc. Third Int. Symp. Silicon Mate-

7rials Science and Technol. 1977, p. 276.
A. K. Sinha and T. E. Smith, Solid-State Electron. 21(3), 531 (1978).
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TABLE 3. WAFER FABRICATION AND RADIATION DATA

DRY-OXIDE WAFERS

AV FB (volts) at 106 rad

Lot Wafers with Oxide
no. Hardened Soft Sinter thin metal thickness

12067(n) 3.4 N- 2 C ,D 804

12067(p) 2.7 N- 2 HI)

12167(n) 2.0 -- N 2E:F 745

12167(p) ? N Q R

01268(n) --- ?N 2CD 739

012 68(p) --- ? 21,

05258(n) 2.0 -- N 2AB 670

05258(p) ? N2

05268(n) --- 3.0 N2 A, 696

05268(p) --- 6.0 2 HI

11088(n) 2.8 F- FG H 716

11088(p) -- FG L,M~

11168(n) --- 3.6 FG H , 687

WET-OXIDE WAFERS

03068-A-D(n) 2.8 N- 2 None 907

03068K(p) 5.4 N- 2 None

03068F-J(n) --- 41 N 2None 953

03068L(p) -- 26 N 2Nonel

17



TABLE 3. WAFER FABRICATION AND RADIATION DATA (Continued)

AVFB(volts) at 106 rad

Lot Wafers with Oxide
no. Hardened Soft Sinter thin metal thickness

04118(n) 3.0 0- N2  DE 850

04118(p) ?-- N2 K,L1

04138(n) --- 34 N2  D,Ej 912

04138(p) --- N 2 K,L

06128(n) 1.2 -- FG HI I  653

0612 8 (p) 2.5 -- FG KL

06168(n) --- 34 FG H,I 665

6 16 8 (p) --- FG KL

2.4 Summary of Fabrication and Radiation Data

Table 3 is a tabulation of all of the oxide lots produced

for this study. Included in this list is the lot number; the flatband

shift after a 10 6-rad dose of l-MeV electrons; the sample type tested

(n or p); the sintering ambient, N2, or forming gas (FG); the letter

identifiers for this thin-metal-capacitor wafers; and the oxide thickness.

The radiation data are for l-MeV electrons at a dose rate of 104 rad/s.

These flatband voltage shifts should be "derated" by a multiplying fac-
60

tor of about 0.6 to estimate the test results in a typical Co source

with a dose rate of 250 rad/s. The wafer number consists of five

digits followed by a letter (the thin-metal capacitors are identified

by the letters shown in table 3). The number is essentially the date

of fabrication. For example, sample 06128H(n) is an n-type wafer with

semitransparent thin-metal capacitors fabricated on June 12, 1978.

18
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3. ELECTRICAL MEASUREMENT TECHNIQUES

Electrical measurements performed on these samples consisted

of standard 1-MHz high-frequency capacitance-voltage (HFCV) measure-

ments, quasi-static capacitance-voltage (QSCV) measurements, triangular

voltage sweep (TVS) measurements (really QSCV measurements at elevated

temperatures), and thermally stimulated current (TSC) measurements.

As both HFCV and QSCV measurements are familiar to most workers in the

MOS physics area, 8 ,9 we will not dwell on them here.

3.1 Triangular Voltage Sweep (TVS)

TVS measurements are used to measure the motion of mobile

ions in MOS capacitors, but there is some disagreement as to how they

should be interpreted. 10 '11 The basic measurement scheme and typical

results are shown in figure 1. The measurement consists of raising an

MOS capacitor to an elevated temperature (typically 250-300'C) and sweep-

ing a voltage on the gate at a constant rate U. As shown in the figure,

the current through the capacitor is plotted as a function of gate volt-

age. When no mobile ions are present, the current will follow the dashed

portion shown in the region around zero bias. This is the QSCV curve

at this particular temperature. In the presence of mobile ions, if the

sweep rate u is low enough for the ions to be in quasi-thermal equilib-

rium, the mobile ion density QM has been shown to be

VD  VD

1 f IT(v)dv - f Ic(V)dv (1)
-VD -VD

where IT(v) is the total current measured and I C(v), the current

measured due to the MOS capacitance. The ion density is, there-

fore, proportional to the area between the two curves, shown by the

shaded area in figure 1.

uS R. Hofstein and G. Warfield, Solid-State Electron. 8, 321, (1965).

10 M. Kuhn, Solid-State Electron. 13, 873 (1970).
1iM . Kuhn and D. J. Silversmith, T Electrochem. Soc. 118(6), 966 (1971).

N. J. Chou, J. Electrochem. Soc. 118(4), 601 (1971).
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400- (b) 06168L SOFT WET
THIN METAL

30(a)

C(PA)

01

-50-

Figure 1. CV and TVS measurements on sample 06168L. ~
Initial CV curve; (b) CV curve after (
sweep; (c) CV curve after QD -~ (2) sweep;
(d) TVS curve: u 0.1 V/s, T =300'C. Total

11 2
mobile-ion concentration NM 1.8 x 10 cm
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Kuhn has. argued that this technique is more accurate than

the conventional method of measuring CV shifts after bias-temperature

stressing because it is largely independent of MOS oxide charge and
10

interface states. However, there are several caveats to be observed

if this is to hold true. One is that the ions must be in quasi-equilib-

rium during the sweep. This requires low voltage-sweep rates and/or

high temperatures. Derbenwick, however, has shown that potassium is an

important mobile ion in SiO 2 which is not in quasi-equilibrium under2 -- 12
the conditions normally used to measure sodium contamination. A

second warning is that the temperature must not be so high that elec-

trode reactions become important. Chou believes that this may take
11

place at and above 350'C :n SiO 2 /AI capacitors. (Derbenwick, on the

other hand, claims that the phenomenon observed by Chou might actually

have been potassium motion, and that electrode reactions are not really

important at this temperature. 12 ) To this list we must add a third:

that there must be no charge injection or detrapping occurring during

the portion of the voltage sweep where mobile ions are contributing to

the current.

At temperatures above 350'C and positive bias a signifi-

cant dc leakage current exists in the thin MOS capacitors we measured,

an effect that we believe to be caused by the Fowler-Nordheim tunneling

of electrons from the silicon to the SiO This is evident in figure I

for VG > 6 volts. However, as shown here as well, the leakage is

negligible for VG < 2 volts, the region where ion current becomes

significant. The problem of injection or detrapping is important in

our irradiated samples, since there can be trapped holes and/or

stow-trapping states capable of contributing to the measured current.

This will be discussed in section 5, in connection with TVS measure-

ments on irradiated devices.

3.2 Thermally Stimulated Currents (TSC)

The technique of using thermally stimulated current and

thermally stimulated luminescence (or thermoluminescerce) has been

12G. F. Derbenwick, J. Appl. Phys. 48(3), 1127 (1977).
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applied for years to the study of the trapping levels of electrons in

insulators. However, the theory of TSC was originally developed for only

a few very simple cases involving discrete trapping levels. A general
b

treatment involving traps that are arbitrarily distributed throughout

the bandgap of the insulator was not amenable to analytical solution.

Consequently, in most of the early work, it was difficult to correlate-
13

theory with experiment. In recent years Simmons has shown that most

of these problems could be eliminated if analysis and experiment were

confined to high-field conditions in the insulator so that electrons and
14

holes could not recombine. In fact Simons and coauthors have shown

that under high-field conditions the shape of the TSC characteristics is

a direct image of the energy distribution of occupied traps in the

insulator bandgap. Because the insulators have a high dielectric

strength and are relatively thin, high-field conditions are easily met

in MOS devices. The one flaw in Simmons's technique is that it cannot

distinguish between trapped electrons and holes. As the temperature is

raised, holes trapped near the valence band will be emitted at the same

temperature as those electrons that are trapped at an equal energy be-

low the conduction band. Thus the electron and hold trap spectra will

be superimposed upon one another. Fortunately, for irradiated SiO 2

we are fairly confident that holes have a much larger capture cross

section than have electrons and thus are trapped in substantially
15-17

greater numbers. Any TSC spectra measured after irradiation

should consist ideally of only detrapped holes. In practice the

presence of mobile ions and/or a slow-trapping instability adds

13P Kelley and P. Braunlick, Phys. Rev. B 1, 1587 (1970).
J. G. Simmons, G. W. Taylor, and M. C. Tam, Phys. Rev. B 7(8),

153714 (1973).
D. J. DiMaria, in The Physics of SiO 2 and Its Interfaces, ed. by

16S . T Pantelides (Pergamon Press, New York, 1978), p. 160.
G. W. Hughes, "Radiation Effects on the Electrical Properties of MOS
Device Materials," Final Rept. Prepared under Contract DAAG39-76-C-0088

17 for Defense Nuclear Agency, Feb. 1978.
R. J. Powell and G. F. Derbenwick, IEEE Trans. Nucl. Sci. NS-18(6),
10 (1971).
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additional components of current that must be dealt with. This

will be discussed in section 3.3.

The theory of high-field TSC has been well developed by
14

Simmons and coworkers and will not be reported here. Their results

assume both holes and electrons trapped uniformly throughout the insu-

lator. For the case in which we are interested, only holes are trapped,

and we will assume that all of them are trapped very close to the

Si/SiO 2 interface. (This location asymmetry has been verified by several

etch-off experiments. 17,18)

The basic technique of TSC measurement is illustrated

in figure 2. A constant bias is applied to the MOS sample to establish

high-field conditions at room temperature. The sample is then heated

at a constant rate P so that the sample temperature is given by

T = fit + T (2)o

where T is the starting temperature sweep rate and t is time. The
0

current measured is then plotted as a function of temperature and

yields some spectrum perhaps like that shown in the figure. For

trapped holes at the Si/SiO 2 interface the spectrum is a direct map of

the density of trapped holes N (E) as a function of energy, if the fol-

lowing conversions are used

J (T)
N (a) = (3)
p qLD-

where J is the measured hold-current density, q is the electronic
p

charge, L is the oxide thickness, P is the sweep rate,

4 -4 -4 0.018 (4
D (2.30 x10 log + 3.84x10- T4)

18 R. J. Powell and G. W. Hughes, " :adiatioti and Charge Transport in

SiO " Final Rept. prepared under Contract N00014-74-C-0185 for
2'

Office of Naval Research, 31 Jan. 1975.
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Figure 2. Thermally stimulated current (TSC) measurement
technique. (a) Schematic of TSC apparatus;
(b) typical current-vs-temperature plot for
linear temperature sweep.

and

AE = E - Ev = T(1.92x10
-4 log 10  3.2x10-4  0.015. (5

Here u represents the attempt to escape frequency, which typically is

between 1010 and 10 12, and Etp and Ev are the hole-trap energy and

SiO 2 valence band energy, respectively. Because AE does not strongly

depend on v, the value assumed for v is not significant. However, it

can be estimated more closely by producing spectra at two different

sweep rates, P I and P 2' and measuring the temperature, at say TI and
T at which some prominent peaks in the spectra appear. Then x can be
2'

determined from the expression
Y

10 (6)

where

y =I(T2 log 1 0[32 - T l lOglol)/(T2 - T ) 1.66 (7)
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3.3 Irradiation Conditions

All samples were irradiated either with 1-MeV electrons

in a van de Graaff acccelerator or with 1O.2-eV VUV photons in a VUV

spectrometer. Only samples with semitranspdrent Al electrodes approxi-

mately 100- to 200-X thick were exposed to VUV irradiation. This al-

lowed a large percentage of the VUV photons to impinge upon the SiO 2

while a bias was being applied. Photons of energy greater than 8.0 eV

provide a useful tool for examination of the hole-trapping phenomenon

in SiO since they are strongly absorbed. Powell has measured the

optical absorption in unsuppported SiO films grown on silicon and

found a bandgap of 8.0 ± 0.2 eV and an optical absorption coefficient

at 10.2 eV of 1.05xlO 6 cm -1 19 Thus, for a 650-a film only about 1% of

the photons that enter the oxide reach the silicon interface. This

strong absorption allows selective transport of either electrons or

holes, depending upon the bias during irradiation. The experimental

arrangement for VUV irradiation is shown in figure 3.

V G
,G,

MOS COLLECTOR
SAMPLE APERTURE

SPECTROMETER
IS EXIT SLIT

. 1t o 0.2 eV

CHAMBER
WALL VC

Figure 3. Experimental arrangement used for VUV irradiation.

19R. J. Powell and N. MIorad, J. Appl. Phys. 49(4), 2499 (1978).
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For data taken from samples irradiated with VUIV irradia-

tion, it is useful to relate the photon fluen(e to an equivalent dose

from l-MeV electron irradiation. Because the VIJV irradiation is almost

totally absorbed whereas I-MeV electrons lose very little of their

energy in 650 X of SiO it is meaningless to compare dose delivered to

the surface in each case. These measurements would be meaningful only

if the SiO 2 thickness had been much greater than the extrapolated range

of 1-MeV electrons.

We are interested in comparing primarily "dose" in terms

of equivalent numbers of hole-electron pairs generated. We have found

that at typical photon fluences of 3x101 s cm a total dose of 6

16
rad is delivered in approximately 200 s. This is equal to a dose

rate of 5000 rad/s, about half of the dose rate used for I-MeV electron

irradiation but considerably larger than typical 60Co dose rates of 250

rad/s.

4. PREIRRADIATION MEASUREMENTS

As discussed in section 2.3, the waters were metallized either

with 12xi0 3 X of Al for chips that were to be mounted on headers or

with approximately 100-200 X Al for wafers that were to be irradiated

with VUV. These differences in metallization, it appears, were respon-

sible for large differences in the preirradiation behavior of these

oxides, even though they did not significantly influence radiation

hardness.

Most of the wet-oxide wafers from pyrogenic oxide lots 06168

and 06128 contain significant levels of mobile ions, and in some cases

the thin-metal wafers have a slow-trapping instability. 20 We do not

believe the slow-trapping instability to be related to the mobile-ion

levels in the oxide, because it occurs only in the thin-metallization

wafers. The cause of the higher mobile-ion contamination in the wet-

oxide wafers is not known; it should be noted, however, that it appar-

ently does not affect the radiation hardness adversely (see table 3).

E. H. Nicollian, J. Vac. Sci. Technol. 14(5), 1112 (1977).
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The wafers studied in greatest depth were those that had a forming

gas (FG) sinter step in the process. It has been claimed in the

literature that a forming gas Al sinter actually exacerbates the
7

slow-trapping problem. We are not convinced of this; in fact we have

seen it do just the opposite in samples with thin metallization. For

lots 06168 and 06128, although both had an FG sinter, none of the

thick-dot capacitors measured had a slow-trapping instability. There

is also some evidence that organic contaminants can enhance slow-
21

trapping instabilities. Since all the samples were stored after

fabrication in individual plastic boxes believed to be made of

polymethyl methacrylate, the organic vapors in these boxes may very

well have diffused through the thin dots, but not the thick ones. This

also could have created the instabilities we have seen.

4.1 Slow-Trappi o- Negative-Bias Instabilit'

Slow-trapping or negative-bias instability is the name

commonly given to the phenomenon responsible for the negative flatband

or threshold voltage shift observed under negative-bias stressing of
201OS oxides. This is a temperature-activated phenomenon and may or

may not be important at room temperature. It is called slow trapping

probably because of its observed time dependence at room temperature

and the fact that trapping is thought to be the only mechanism capable

of explaining this observed behavior.

Figure 4(a) shows the high-frequency capacitance-voltage

(CV) curves before and after negative-bias thermally stimulated current

(TSC) stressing of a (thin-metal) capacitor. Figure 4(b) shows the

resultant TSC emission current as a function of temperature. The curve

labels refer to the sequence of CV and TSC measurements described

below. The measurement sequence was as follows:

(1) Measure PI:'CV curve.

(2) Bias at -13 V (-2 MV/cm) and heat to 525 K while measuring
the TSC characteristic.

21H. Nakayama, Y. Osada, and N. Shindo, J. Electrochem. Soc. 125(8),

1302 (1978).
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Figure 4. CV and TSC measurements. (a) HFCV curves before and
after negative-bias TSC stressing. (b) Resultant
TSC curves (see text).

(3) Cool down to room temperature under negative bias and

measure another HFCV curve.

(4) Bias at -13 V and repeat step 2.

(5) Cool down under negative bias and measure another HFCV

curve.

Ion motion is not responsible for the flatband shift

observed, since it is in the wrong direction for negative bias. Con-

ceivably, position ion motion still may be involved if it is accompa-

nied by a large increase in interface states near the silicon conduc-

tion band as the ions are drawn away by the negative bias. However,

this would assume a sizeable initial ion concentration at the Si/SiO2

interface, and no such concentration has been observed. (Recently it

was shown that mobile ions can cause a large density of interface

28
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22
states near tie si I icon conduct i o band. IHowever, this was observed

under positive bias stressing.) Under negative bias, hole injection and

trapping might occur as a result of either direct tunneling to traps

from the silicon valence band or of Fowler-Nordheim (FN) tunneling2 3

through the triangular barrier from the silicon valence band with sub-

sequent trapping. Figure 5 illustrates these two possibilities. Direct

hole tunneling appears highly improbable since it would be very bias

sensitive (no such sensitivity has been observed). Hole trapping by FN

tunneling, on the other hand, would not have the temperature dependence

that we observed. Fowler-Nordheim tunneling without trapping has a

temperature dependence of the form

Jk(T) -. _in kT/d where kT/d < 1 (8)
sin akT/d

1 24
with kT/d near room temperature. Thus, the current density

should increase monotonically with temperature and rise rapidly near

600 K. In the presence of hole traps very close to the silicon inter-

face, this current density would be multiplied by a factor that takes

into account the decreasing probability of capture as traps are filled.

This factor would be <1 and increase monotonically with temperature.

The observed structure in the thermal current can therefore not be

explained by FN hole tunneling with tapping.

Field emission of electrons from neutral traps appears

to be the most plausible explanation for both the flatband shift and

thermal current observed. Consider the process shown in figure 6.

Under elevated temperatures, electrons are thermally emitted into the

SiO 2 conduction band. With a high field applied these electrons are

rapidly swept out of the oxide, leaving the positively charged centers

behind. In order to explain our data these centers must be located

throughout the oxide rather than very close to either interface. If

2 2M. Schulz and E. Klausmann, J. Phys. D (Appl. Phys.) 18, 169 (1979).
23 M. Lenzlinger and E. H. Snow, J. Appl. Phys. 40, 278 (1969).
Z. Weinberg, W. Johnson, and Mi. Lampert, J. Appl. Phys. 47(1), 248

(1976).
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Figure 5. Proposed trapping mechanisms. (a) Direct-hole tunneling
into traps from Si valence band. (b) Fowler-Nordheim
tunneling followed by trapping.

they were all at the Si/SiO interface, a flatband shift would be

recorded but no current would be observed. On the other hand, if they

were all at the Al/SiO2 interface, a current would be measured but no

flatband shift would be recorded.

This can be shown more quantitatively by referring to

figure 7. If total charge Q is left in the oxide having a centroid

x, then the flatband shift resulting from this charge is

AV L x QoFB L C
ox
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Figure 6. Temperature-assisted field emission of electrons
from neutral traps near SiO,, conduction band.
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Figure 7. Schematic of charge-transport mechanism.
Coordinates are referred to Si interface.
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where C is the oxide capaci tance. The total charge collected by theOX

external circuit, hwtver, is given by

Qc = Q (10)

since on the average the charge carriers move only a distance x. If we

let

QC
r - FB(11)r AVF

ox F

where r is defined as the ratio of the collected charge to the charge

reflected by the flatband shift AVF then it can easily be shown that
F B'

- r L (12)
1+ r

For the sample shown in figure 4 this means that the electrons are

emitted from the neutral traps having a centrroid about 120 from the

Al interface.

The temperature dependence we observed is quite repeat-

able from sample to sample and is somewhat dependent upon bias between

1 and 2 MV/cm. If electrons are thermally emitted from traps, this

peak is then characteristic of the thermal trap depth. The bias-

dependence effect can probably he explained by Frenkel-Poole lowering
25-27

of the neutral trap short-range potential barrier.

Some work done with negative corona discharge by Woods

and Williams2 8 anrd Weinberg et al. 24 further supports this argument.

Woods and Williams tound that large negative flatband shifts could be

induced in Hg/SiO)2 /Si (apa itors tormed over areas of SiO 2 subjected to

a negative corona discharge. Fhey postulated either field emission of

25 J.G. Simmons, Phys. Rev. 155, 657 (1967).
26P. C. Arnett and N. Klein, I. Appl. Phys. 46, 1400 (1975).
28A K. Jonscher, Thin SoI id Ims I , 213 ( 1967).
N. N Woods and R. Willi ams, J. App1. Phys. 47(3), 1082 (1976).
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electrons from neutral traps or IN tunnel Ing Of ho es from the Si with

subsequent trapping. When they found it impossible to trap photoin-

jected holes from the silicon substrate, they ruled out FN tunneling

and the trapping of holes, concluding that field emission ol electrons

had to be the mechanism responsible. Weinberg et al. performeJ negative

corona experiments on SiO2 grown over a pn junction. With this structure

the sign of the charge carrier in the Sio. ran be determined. This group

of researchers concluded that electrons were the dominant charge

carriers in the SiO2 during negative (or-ona.

The weight of the evidence we have presented, supported

by the above arguments, leads Lis to conclu de that the slow-trapping phe-

nomenon observed in these samples is caused by the field emission of

electrons from neutral traps located approximately 120 1 from the Al/SiO2

interface, with a peak at 450 K. Assuming an attempt-to-escape frequency

of 10 s , we calculate from equatioi () an efaef(tive trap depth of

1.14 eV below the conduction hand ot the it,

4.2 Mobile lons

Although evidence of tht presence ,ot lobile ions has been

found in both the wet and dry oxides to ditferent degree,: it did not

detract from the radiation hardness of anv (,t the hardened samples. In

samples with thin metal the evidence usually pointed to uniform distri-

bution across the area of the c.apacitoir, whcreas in the thick-metal

capacitors the distortion had Iiteral non-unitormities (LNUs).

Figure 8 shows tiFCV and TVS curves for a soft wet sample

with a thin Al gate. The two CV curves are the initial curve and the

curve measured after a 0 0 ( TVS sweep with the cooldown at

+10 V. The TVS curve was measured at 1,.0(t. Based on equation (1),

the integrated mobile ion peak corresponds to an average ion concentra-
11 -2

tion of 1.83x10 cm . This is equivalent to a -0.56 V shift in the

CV curve if all ions are at the Si/SiO interface. The measured shift
2

between the CV curves in figure 8(a) is approximately equal to -0.60 V,

a value in fairly good agreement with theory. Since the CV shift is

nearly parallel and its magnitude in agreement with the TVS measurement

wt. can conclude that ions are responsible and that they are uniformly

I I
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Figure 8. CV and TVS measurements on sample 061681- (a)
Initial CV curve; (h) CV curve after (D (D
sweep; (c) CV curve after 0 Q Sweep;
(d) TVS curve: U(= 0.1 V/s, T 300 0 C. Total

11 2mob ile- ion concent ration N 1 .8 x 10 cmi

distributed across the capacitor. Yoll Iow inrg Derhenwick's arguments, we

can assign the large peak at +0.2 V to sodiumii (Nai) and the flat minor

peak to potassium (K). 1 2
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Figure 9 shows the same measurements on a wafer from the

same lot as the one shown in figure 8, but with a thick-metal-capacitor

dot . Here the K peak is conside rably larger than betore and there is

evidence of LNUs in the ion distribution. The initial and final CV

curves are hardly shifted at all over most of their length except in

inversion where the final CV curve has a long "tail." The integrated

ion current corresponds to a CV shift of -3.2 V for a uniform distribu-

tion of ions. As this can obviously not be the case, we must conclude

that if the current is due to ions that most of the ions are concen-

trated in a small area of the capacitor. We suspect that this area is

an annular region around the edge of the iIOS dot and that the ions came

in contact with the sample after the metal definition step, probably

400

06168F SOFT WET
TH$CK ME

T
AL

30C

C (pF)
- NITIAL

FINAL

,00

L.3,

-2 0 -2 V, (V)
2 ) .2 VG  (V =

Figure 9. CV and TVS measurements (wafer no. 06168F). (a) CV
curves before and after TVS measurements at 300'C.
Final curve measured after cooldown at +8 V. (b)
TVS curve at 300', t = 0.1 V/s. Total mobi[e-ion

concentration N 1.04xlO12 cm -
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during etching or photoresist removal. Figure 10 shows the same type

of data for a hard-wet sample with thick metal gate. Anothe r possibility

is that the current measured is caused by the sJow-trapping instability

described in the previous section. However, this is unlikely because

once these neutral traps are emptied of electrons, a changing bias should

not change their occupancy. In addition, the TSC measurements described

in section 4.1 indicate that the ele(trons should he em)tied during the

heat-up phase of the TVS measurement.

400-

300

C(pA)

200

AFTER ~

__00i L

-8 -6 -4 -2 0 .

.. .1 L I I I
li pA 0 -8 -6 -4 -2 0 2 4 6 8

VG

Figure 10. CV and TVS measurements (wafer no. 06128F). (a) CV
curves before and after TVS measurements at 300'C.
(b) TVS curves at 3001C, c = 0.1 V/s. Total mobile-

12 -2
ion concentration N = 1.53xO1 cm

Figure 11 shows CV and TVS data for a hard-wet thin-metal

capacitor. The CV plot is on an expanded scale to show the small shifts

more closely. The first TVS curve, starting from +13 V, shows a small Na
10 -2mobile ion density of 3.5x10 cm ; this would correspond to a 0.11-V

CV shift (b). After cooling down at +13 V and measuring the CV curve

(c), a second TVS plot was made, starting from -13 V (d) and finally
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Figure 11. CV curves and TVS curves for wafer no. 04118E. (a) In-
itial CV curve; (b) first TVS curve starting from +13 V;
(c) CV curve after first TVS with cooldown at +13 V. (d)
Second TVS plot, starting and finishing at -13 V; (e) CV
plot after second TVS plot; TVS measured at 300'C with

= 0.1 V/s. Total initial mobile-ion concentration

N 3.5 x 1010 cm-2

ending and cooling down at +13 V. The final CV trace is (e). From

11 -2curve (d) the apparent ion densitv is 1.46x10 cm , corresponding to

a CV shift of 0.45 V. A comparison of the initial CV curve (a) and thc

final curve (e) shows a shift no greater than 0.15 V over most of their

lengths, except in inversions. The apparent LNU ion charge and increase

in ion density together suggest that ions were pulled in from the edge

of the capacitor during the bias-temperature stressing of the TVS

measurements. This observation is important since it raises doubts

about the ability of TVS measurements to measure radiation-enhanced
29,30

mobile ions, as Repace has claimed it can. This will be discussed

further in section 5.

0J. Repace, IEEE Trans. Nucl. Sci. NS-24(6), 2088 (1977).
Repace, IEEE Trns;. EIV-25(4) , 492 (1978).
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Figure 12 shows results of TSC measurements on ,a sample

containing mobile ions. TSC stressing under positive bias was done

first, followed by negative TSC stressing. The CV curves shc' that the

instability in this particular sample can be classified as mobile ions.

Several features of the TSC spectra are worth noting. Under positive

TSC a slight peak occurs at 450 K, the same temperature at which ot(ur-

red the slow-trapping phenomenon described in section 4.1. Lnder Iit'ga-

tive TSC stressing, peaks occur at 335 and 530 K. Because of tlin I)(-

havior of the CV shift, we must assign these to mobile ions. Ilhe

temperatures at which these peaks occur are the same as those mt;Iiut-d

INI ,AL

400 t, M~ETAL

) Ts 
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200 L

- 6 4 C 2 4

I (pA)

qCS

300 400 500 600
TEMPERATORE I.P

Figure 12. CV and TSC measurements on soft wet sample no. 061681,
having mobile ions. Positive TSC stressing at +5.5 V

was followed by CV measurement, negative TSC stressing

at -8.7 V, and the final CV curve as shown. i 0.2 K/s.

38



by Natta and 11iIIen i I de lih rat l k oltalji iatcd simpl es and lead us

to believe that the peak at 335 K is sodiumn arid Lthat at 530 K is

pot ass itn11.

The coinp Ie t e rtov try o| the CV s hi f t under negative TSC

stressing raises quest i ois about ass i gi i itg s I ow trapping to the 450 K

peak (see section 4.1). These t raps n i ght be t i ed up iit some I ash ion

with I he ions inl the I att i ce , and mov iig t it i ois around might change

the occupancy and charge state of the slow traps. A reversal in the

order of the TSC stressing gives resil its thit support this hypothesis.

Figure 13 shows these data. An initial negative TSC stress yields the

C 68. SOFT WET
400 -- -THN METAL

CpF) SC

200

0

10 8 F '4 2 0 2

I (VA I

1 0

2 0 t /£D TS

0 -- L JL4300 400 500
TEMPERATURE (-K)

Figure 13. CV and TSC measurements on sample from same wafer as
shown in figure 12. Negat ive ISC stressing at -7.5 V
was followed by CV measurement and then positive TSC
stresssing at +5.1 V. 1f 0.2 K/s.

31 . Narita and N. Ii Ilcii, I. AppI. Phys. 49() 2962 (1978).
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characteristic peak at 450 K and thc negat ive CV shiIt that indi cates

slow traps. A subsequelt pusitiv e TSC stress shows a gross Iy distorted

and negat ivel v shi f ted CV curve i ndi cat i v of mobile ions. The mono-

tonic increase in the TSC cur-rent may be due to local high-density ion

clusters creating fields large enough to enhance tunneling.

These mobile-ion measurements show that convent ional CV

bias-stress testing can make LNU ion densities appear to be small, al-

though in fact, as the TVS measurements prove, they are ill some cases

quite large. In addition, the radiation data in table 3 show thajt the

apparent high ion densities (to not compromise the hardness ol the,

hardened oxides. On the other hand, there does appear to be suomle

interaction between mobile ions and trapped holes, which seems to be

limited to affecting the thermal annealing characteristics of these

oxides (see section 5).

5. POSTIRRADIATION BEHAVIOR

Both the hard wet and hard dry oxides show similar levels of

radiation hardness, although the thermal annealing characteristics of

the hole traps in wet and dry oxides are quite different. This appears

to be mainly due to the presence of a high density of mobile ions and

a slow-trapping instability in the wet oxide samples.

5.1 Dry Oxides

The TSC measurements on irradiated dry oxides arc, more

consistent than the wet-oxide measurements, but they are also the least

interesting in terms of the information they provide. Figure 14 shows

the CV curves and postirradiation TSC curve for a hardened-dry-oxide

capacitor mounted on a header. This particular sample was irradiated

with I-leV electrons to 10 6 rad under +10 V bias. After irradiation

the bias was held on the sample for 30 min before the negative-bias TSC

measurement was begun. This was not essential, as all samples exhibited

the same TSC response whether they were biased for 30 min or I min

after irradiation. The figure shows that the TSC spectrum has no

notx eable structure except near 600 K, where a large increase takes
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place. The area under the curve represents 6.4x I charges cm 2or all

equivalenIt AVFB of 1.96 V, relerred to the silicon interface. 'lhi s is

about twice as large as the AVFB measured from the CV urve , and

probably is in error because of Fowler-Nordheim tunfieling current at

higher temperatures. The ha i lure of the CV LUrye to reVert to its

preirradiation position up to 600 K indicates that most of the holes

are trapped quite deep ( 1.6 eV above the valere band). 'lthe samet

type of behavior was seen for soft dry oxides.

400r 1,08F HARDENED DRv
TH CK METAL

30C

S P05T :RRA ) IN TI4L

106 RAE; "

O> V

.

-4 2 4 6 8

20,

I (pA I

00 400 500 600 700
TEMPERATURE (*K)

Figure 14. CV and TSC measurements on hardened-dry-oxide capacitor

no. 11088F. 6 0.2 K/s; V G -13 V.

5.2 IardWe t Oxides

Most hard wet oxides did not have any distinctive struc-

ture under initial negative TSC stress, even though TVS measurements

gave evidence of the presence of a high density of mobile ions (see fig.

10). This indicates that all i is are close to the Al interface after

growth. Figure 15 illustrates he behavior representative of most of

the hard wet oxides examined. 'his particular sample had a thin-metal

gate and was irradiated tinder ( .S V with VUV photons for 400 s, a dose
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centration Nm 2.78xl0 cm
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roughly equivalent to a 2-Mrad dose in terms Of the number of hole-

electron pairs generated. The following sequence of measurements is

important in understanding the results shown in figure 15:

(a) The initial CV curve was measured.

(b) The initial TSC curve was measured at a bias of -13 V with

a temperature sweep of 0.2 K/s. After cooldown at bias

another CV curve was plotted.

(c) After heating at a bias of -13 V to 573 K (300'C), a TVS

measurement was made sweeping at 0.] V/s from -13 to +7 V

and back to -13 V again. After cooldown at -13 V another

CV curve was plotted.

(d) The sample was irradiated at +6.5 V for 400 s and allowed

to relax at bias for another 400 s. Another CV curve was

plotted.

(e) A second TSC measurement was made at -13 V bias.

(f) Without cooling down a TVS measurement was made, starting

at -13 V, sweeping to +7 V, and then back to -13 V.

(g) After cooldown at -13 V a final CV measurement was made.

The initial TSC measurement and CV curve (b) show that

the density of mobile ions at the Si interface was negligible and that

no slow trapping occurred. However, the first TVS measurement discloses

a net mobile ion density of 2.78x101 cm , indicating pile-up at the

Al interface.

Irradiation and subsequent negative TSC annealing pro-

duced two peaks in the TSC spectrum, one at 335 K and one at 585 K Ithe

(lashed portion of TSC curve (e) was not actually measured on this sample,

but it did appear on others from the same wafer]. These are the peaks

that we have previously assigned to Na and K. At this point it might

be assumed that the irradiation actually liberated Na and K from pre-
29

viously uncharged states. However, the second TVS curve (f) shows

that within experimental error the actual mobile-ion density did not

increase. In addition, the integrated TSC current yields a collected
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charge o 3. 78x 10 charges cm for the whole sweep, correspondirg to

a CV flatband shift of 1.16 V. The actual measured flatband CV shift

between CV curves (d) and (g) is 1.2 V. This indicates that all of the

collected charge is at the Si interface. We interpret all this to mean

that the peaks on the postirradiation TSC curve (e) are associated with

movement of ionic charge from the Al interface to the Si interface

during irradiation and subsequent 'novejient back under negative TSC.

No new ionic charge is created. Thus, it is possible that these oxides

would be harder if the mobile ions were absent.

TVS measurements )n irradiated soft wet samples also re-

veal similar information about the nature of the trapped holes. Fig-

ure 16 shows TVS curves for a soft wet-oxide cajDacitor. This was a

thick-metal device mounted on a header. The device was irradiated to

106 rad with 1-MeV electrons, resulting in a AVFB of approximately 35 V.
TVS measurements were made after irradiation by first heating inder a

bias of +7 V to 573 K (300'C) until the measured current decayed to <5

pA. The TVS sweep was then started, going from positive to negative

bias, and then back again to positive, at a sweep rate of 0.1 V/s. The

curves labeled 1, 2, and 3 refer to the 1st, 2nd, and 3rd sweeps,

respectively. It is evident from these data that charge is being

removed from the oxide each time the TVS sweep is cycled. We believe

these charges to be trapped holes that were not detrapp-l during the

positive-bias heat-up period. Simple Frenkel-Poole emission from traps

with field-assisted barrier lowering obviously does not explain these
25,2~6

data. '
2  The barrier would be at its lowest point at the extremes of

the voltage sweep, not during the middle of the sweep where most of the

charge motion is taking place. The most plausible explanation is that

the trapped holes are in traps associated with the mobile ions, and

that movement of these ions puts the holes into a more energetically

favorable position to be emitted. This also explain, the TSC "ion

peaks" seen after irradiation, as shown in figure 15. The peaks are

probably not only ions but rather clusters of holes ard ions that move

together as the temperature is increased.
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Figuire lb. TVS measurements on a soft wet capacitor irradiated

to 106 rad. Post irradiat ion tlathand shift was about
15 V. a = 0.1 V/s.

Most of the TSC spectra for other hard wet-oxide samples

resemble the spect rum shown in figure 15, except that the thick-metal

capacitors that were all irradiated with I-MeV electrons do not have

very pronounced peaks at 335 K. This may be due to the different levels

of Na in the thick- and thin-metal capacitors.

5.3 Soft Wet Oxides

The soft wet oxides we -xamined showed two different

types of thermal annealing behavior, nding on whether they were

thick- or thin-metal MOS capacitors.

Preirradiation negative TSC measurements on thick-metal

capacitors showed no structure and only a negligible current and flat-

band shift after stressing to 600 K at -13 V. Typical postirradiation

behavior is shown in figure 17 for I-MeV electron irradiation. In this

figure the capacitor was irradiated to 5000 rad at +10 V bias. Bias

was held for about I min before the sample was placed in the TSC anneal-

ing apparatus and held under a -13 V bias. The resultant TSC curve is

shown in the figure. The characteristic peak at 585 K is present, but

there is no apparent structure at 335 K. Based on the arguments
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Figure 17. CV and TSC measurements on a soft wet oxide after

irradiating to 5xlO 4 rad. Bias during TSC was -13 V.
0 = 0.2 K/s.

developed above, the very large peak at 590 K and the lack of any at

335 K would appear to indicate that there was very little Na and a

large amount of K in the oxide. With some of the thin-metal capacitors

that showed signs of slow trapping, the postirradiation annealing con-

ditions were dramatically different.

Figure 18 shows CV and TSC data from a thin-metal p-type

capacitor. This device was irradiated with VUV without any prior TSC

stressing under a +13 V bias for 16 s. The TSC spectrum under a -13 V

bias was then measured. Three peaks are evident: one at 410 K, one at

450 K, and a small one at 525 K. If a preirradiation TSC curve from

another capacitor from the same wafer is subtracted from that in figure

18, a large peak at 410 K and a minor peak at about 535 K remain. In

addition, the difference in the collected charge from the two TSC meas-
12 -2

urements is 3.14x10 cm This is equivalent to a 9.63-V flatband

shift, exactly equal to the measured shift in figure 18. Evidently

nearly all the holes are emitted during the 410 K peak, and the CV

46
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Figure 18. CV and TSC measurements on a soft wet thin-metal
oxide. Capacitor was exposed to VUV for 16 s.
During TSC measurement, 0.2 K/s; VG = -13 V.

curve reverts back completely to the original by the end of the sweep

at 623 K.

If the capacitor is subjected to a negative TSC stress

prior to irradiation, the postirradiation annealing is completely dif-

ferent. This is illustrated in figure 19. First, the CV curve and TSC

characteristics were measured. The bias during TSC measurement was

-13 V. Next, the capacitor was irradiated with VUV photons for 16 s

under a +13 V bias. (Note that although the flatban shift is greater

in this figure than for the sample in figure 18, ViIV inrctmsity is

greater as well. The ratio of flatband shifts is almost equal to the

ratio of the two photon doses in each case.) After relaxation under a

+13 V bias, the TSC characteristic was again measured under a -13 V

bias. The sample was cooled down and the CV characteristics were meas-

tired again.
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Note that the prei rradiation thermal st ress ing has ( aused

a 'enarkablO change to take place. The trapped holes have a much higher

thermal activation energy than had those in the sample that was not

negat ive-1i) as temperature Oi'l' ) stM essed . Bioth the CV shiit and the

emission current show thit most of the holes are still trapped at 623 K.

This same behavior was observed in seve ral other samples from the same

and other ii-type wafers.

For small photon doses the flatband shift is linear with

time and directly proportional to the product of hole trap density N T

and capture cross section ) . From the experiment we know that theP
product N, p is nearly the same Ior the two areas, even though the

thermal emission characteristics are different. Thus, the hole-capture

during irradiation is probably determined by an intermediate state

which is not at fected by the "slow trapping" tield-emission centers.

The f inal state of the trapped hole is, however, strongly dependent

upon the occupancy of these tield-emission centers as the data in

figures 18 and 19 show.

6. ANALYTICAL MEASUREMENTS

For a complete characterization of the mechanism of radia-

tion damage in SiO the hole traps. and interface state will have to
2'

be identified at the Si/SiO, interface with some chemical structure or

species. Consideriug the density of the charges we are concerned with

one might well argue that this is an impossible task at this time. For

hardpned oxides the density of trapped holes is on the order of

24x101 cm Even when it is assumed that all of these are located

in a 100-X-thick region near the Si interface, this is equivalent to a
17 -3

volume density of only 2-4x10 cm . SIMS is capable of measuring

these low levels for some elements. Ton-scattering spectroscopy (ISS)

and x-ray photoelectron spectroscopy (XPS), given their current limita-

tions, would be unable to detect such low concentrations. The situa-

tion is not hopeless, however. If we examine soft oxides we can raise

the trapped-hole concentration by at least one order of magnitude.

Also, since we measure electrically only those states that are charged,
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there is a good chance that the actual dens ity o! states, or "di sorder"

at the interface, is much hi gher. The XPS measurements have ill fact

shown that there are di tIerences between the sot t and hardexrcd oxides

in terms of the intermediate-state density of Si that are well within

the detectability limits of the instruments.

6.1 tpinrit.}y Depth_ Protiles by Secondary-Ion Mass

Skectronetry (SIMS)

The technique of secondary-ion mass spectrometry is very

useful for analyzing impurities profiles in solid-state materials. In

its simplest form SIMS uses an ion beam to sputter a crater in the

sample material and then to mass-analyze the secondary ions emitted off

the material. If the sputter rate is known, the relative elemental con-

centration as a function of depth can be measured. The use of a known

standard for the element under investigation allows absolute calibra-

tion of the intensity profile. RCA Laboratories is fortunate to have

in-house a custom-built scanning SIMS instrument with a high level of
32

sophistication. This instrument possesses high sensitivity, good

depth resolution, good mass spectral purity, high abundance sensitivity,

and a high sputter rate. In addition to all of these characteristics,

which make it superior to commercial machines currently available, it

also has a scanning and secondary-ion imaging capability that permits

one to observe elemental maps of the sample surface in real time as the

sputtering progresses.

Of all the elements in the periodic table, hydrogen (H)

and sodium (Na) are the two cited most often as being responsible for

5,33
undesirable behavior in MOS devices. We have therefore limited our

SIMS analysis of the wet and dry oxides to these two elements.

Measuring H and Na profiles in SiO on Si is not an easy
2

task. Insulating films tend to charge up during ion sputtering, arid

this results in erroneous data. For Na the situation is even more

32C. W. Magee, W. L. Harrington, and R. E. Honig, Rev. Sci. Instrum.

49(4), 477 (1978).

A. G. Revesz, .1. Electrochem. Soc. 126(1), 122 (1979).
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co1i) I icat ( ti in thaL t he i oil Chargig of Sjr 11a t a( t na I IV' move the Na

through the titli ind iavt' it p) i cd up it the S[O 2/Si irtert1( e.

Magee hlaS so Ivetd the;t , prob I'ms I ni i s r l: ; ist rrimeiut by empi oyirlg ele( t ron-

bealm c harge- ieutra I r zat i oil t 'tinr i qnes aind has shown tie instrument

capable of1 a( curat ely measuring ) rot I I es o I ton-implanted Na in Si 02.

6.1 .I iiydroren Prot i e( s

flydroger has beeln cited is being responsible for slow-

trappLng instabi i it t's, i rradiat ion tehivioir, dielect ric breakdown, and

e ioctron tr,ipping in Sit 2 . Revesz has been the most act i ve supporter
2'3

ot the hyirogei-as-cortaml irant schoo I of thoight V tie cites infrared

red sU Crienrit s thia t show hyd rogei I t oms iin tihermi I S iO at levels of
120 021 -10 1 -3 (dlt'perdLujg U process , r onid t ions I and radiotracer

19 -*3
,i1[ V:;is rteasuremernts that 13h(w 8XlO 1 f hydrogen ator s in steam-

We I. ye i e a S IItI t Ir(d r,)g r pro iles if1 wet and dry Si0 2

as ,eI as iri a hydrogen- iri)pl ante( standard. The lower litit of detec-

tion (t hydrogen in insulating films is limited by the electron-

Stimulated desorption of hydrogen from the sample and system by the

electron charge-neutralizat icn gun. The hydrogen-desorption background

et-vel depends on the conditions prevailing in the chamber for a parti-

cular sample run; in general it scales inversely with the SiO 2 thickness

r being measured. Figure 20 shows a measured hydrogen profile for our

hydrogen standard. This was ,I 7200-s SiO., film grown at l100'C in 100%

pyrogenic steam. Tie film wa:1 then implanted with hydrogen having a
21 -!-3 30peak intensity of 1 cmD II S[S analysis of SiO 2 on Si the Si

signal is larger in the SiO 2, than in the Si due to the oxygen-enhanced

ield of Si in SiO 2 . This provides an easy signal for detecting the

interface since the 30Si signal drops significantly when the interface

is reached. The measured profile shows the implanted hydrogen peak

immersed in a background level of hydrogen. Scaling the intensities

to the Hi-impl.ant peak (1021 cm- 3 ) we see that the flat background

located between the implant and Si/SiO 2 interface has a density of

C. W. Magee and W. .. Harrington, Appl. Phys. Lett. 33(2), 193 (1978).
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Figure 20. Hydrogen profile in hydrogen-implanted sample as
measured by SIMS. Cesium was the primary ion beam.
The SiO 2 film was 7200-X thick and was grown at

11000 C in 100% pyrogenic steam.

19 -38.5x10 cm . This is almost exactly the level measured in steam
33

oxides with radiotracer analysis. This background is ve,jl and not

an artifact of the measurement technique. The fall-oft in the H

signal near the end of the profile is an artifact of the measurement

technique and is caused by the changing efficiency of the neutralizing

beam due to the proximity of the metallic silicon interface. As we

stated above, the absolute lower detection limit is determined by the

electron-stimulated desorption of hydrogen from sample and chamber.

This cal be measured by turning off the ion beam, as was done at point

(a) in figure 20 (notice the abrupt drop in the Si signal), showing a
19 -3hydrogen level of 2.6x10 cm for the particular operating conditions

used to profile this sample.

Using the hydrogen-implanted sample, we attempted to pro-

tile hydrogen in a hard and a soft wet sample (04118C and 03068C) and a

12



hard and a soft dry sample (052'581) aid 052681)) (see fig . 21). Beca use

these samples were only 050- to t0- thi k , the charge-neutral izat ion

and sputter-rate coidi t ionis were di I er-ien t t join those used Ior the

standard in t i gure 20. The primary ion beam was argon rather than the

cesium used before, but this did not allect the sensitivity at all.

To calibrate the data the standard is profiled under the same conditions

as the unknowns in a region where the absolute hydrogen level is

known. Figure 21 shows these data for the standard. The region being

sputtered is the sloping background near the outer interlace shown in

figure 20. We would expect the intensity measured in figure 21 to
20 -'3

correspond to a hydrogen coicentration of I . 1.5x 1t0  CM . Figure 22

shows intensityv prof iftes for the hard Jry sample under these same con-

ditions. Nt ice the drop-oft in the 2 Si signal at 300 s. This is the

Si/SiO,) intert;ice, However, when the iotn beam is turned off at 365 s,

the hydrogen signal foes not i(o) it ill. This inli(atcs that the

H-IMPLANTED SAMPLE IN BACKGROUND REGION

(0
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Z

o
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Figure 21. Hlydrogen-imp]anted sample profile in same outer
background region as shown in figure 20. The

primary ion beam was argon.
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Figure 22. Profile of hydrogen, oxygen, and silicon in hardened dry
oxide, sample no. 052581). The primary ion beam was argon.

level of hydrogen being measured is the background level. Since the

intensity level is the same as in figure 21, this means that for these

particular operating conditions the background level of hydrogen and
20 -3

therefore the threshold for detection is greater than 1.15x]0 cm

It is clear from the above experiments that we cannot

expect to measure hydrogen below levels of 10 20cm- in 700-R Sio2 films.

However, with a film 7000-X thick the detection limit drops to 2.6x10 19

-I3
cm , well below the as-grown hydrogen concentration in the steam oxide

shown in figure 20.

In conclusion, these experiments tell us nothing about

the hydrogen concentration in the wet and dry 700-R Sio 2 films grown for

this study. However, the measurement onl the 7200-R H-implanted steam

oxide shows that the as-grown concentration of hydrogen in this oxide
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!" s 85xl19 -3
s 8.5 x19 CmI 3, or about 0.2% atomic. This supports Revesz's conteri-

Lion that hydrogen is one of the most abundant contaminants in SiO2 .

Whether it is the most important one remains to be seen.

6.1.2 Sodium and Potassium Profiles

Normally, trying to measure mobile ions like Na and K

by means of SIMS is an exercise in futility because the ion-beam charg-

ing ot the oxide drifts the mobile ions to the Si/SiO 2 interface. Magee342

and Harrington were able to solve this problem with the RCA SIMS

machine by employing a focused neutralizing electron beam during the

argon sputtering. The results show that this technique is quite

successful and makes it possible to profile implanted Na that fits the

theoretical profile quite nicely.

We have profiled Na and K in one of our hard wet oxides

As an independent check on the TVS electrical ion measurements. Figure

21 shows the profile of a sodium-implant standard that was used to cali-

brate the unknown samples measured in the same run. As the figure

shows, the sensitivity of this technique is quite good, as it permits
16 -3us to measure levels as low as 10 cm . The noise at the lower tail

of the implant is caused by the slow count rate at these levels and

thus is statistical rather than background noise. If the primary ion

beam is turned ( ff, the count drops to less than one count every 10 s,

at least an order of magnitude below the lowest levels shown in figure

23. Figure 24 shows the Na and K profiles on sample 061281 in an area

covered by a thin Al dot, and figure 25 is the profile on the same

wafer in between dots in a bare oxide region. In both cases the Na and

K are peaked at the outer interface. This may be partly due to the

mutual repulsion of the ions at the high processing temperatures.
35

However, a surface layer of Na is seen on virtually all samples pro-

filed by SIMS. Again, as we noted above, the noise in the low-level

signal is statistical in nature and not background noise. Therefore,

if we integrate this signal to get the total concentration per square

35W. Marciniak and H. M. Przewlocki, Phys. Status Solidi A 24, 359 (1974).
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Figure 25. SIMS profile of sodium and potassium in sample no.

061281 outside of aluminum dot.

centimeter, the accuracy should be quite good. Table 4 lists these

measurements for both profiles with and without the first count or

interface peak being included. The K profile was not integrated, but

one can see from the figures that it is in the same range as the Na.

Note that SIMS measures total Na and K concentration, regardless of

whether it is mobile or bound. These values are in the same range as

those measured by the triangular voltage sweep technique on the .ame

11 -2-

sample (2.lxlO cm ) and lead us to believe that most of the Na and K

is mobile in these oxides.
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'FABLE 4. SODIUM CONCENTRATION IN HARDENED WET
OXIDE 061281 AS MEASURED BY SIMS

Method of Concentration (atoms cm
- )

measurement Under Al dot Bare oxide

With surface
peak included 3.4x10 4.6x10 II

Witho;ut sur- 11
face peak 2.6x10 I.7xl0 11

6.2 Measurements of Si/SiO 2 Interface Stoichiometry by

Ton-Scattering Spectrometry (1SS)

Many of the electrical phenomena observed in MOS devices

originate from charges located at or near the Si/SiO 2 interface. Hole

traps and interface states caused by radiation are no exception. Etch-

off measurements have shown hole traps to be within 100 X of the Si
17,18

interface. '[he stoichiometry of this interface--its nature and

its role in the formation of hole traps--has naturally been a subject

of some interest. Harrington et al. have shown that it is possible to

measure this stoichiometry by the use of ion-scattering spectrometry

(ISS).36,37 We have attempted to do the same for the samples prepared

for this study to see if any differences exist between hard and soft

oxides.

Low-energy ISS is a useful technique for measuring inter-

face stoichiometry because the low-energy ions that are scattered from

the surface in a single atomic collision can be restricted almost en-
36

tirely to the outermost atomic layer. In Harrington's stoichiometry

36W. Harrington, "Low Energy Ion Scattering Spectrometry Studies of Si,
SiO and Related Materials," NBS Special Publication 400-23, ARPA/

3 7NBS Workshop IV, Washington, DC, Apr. 23-24, 1975.
W. Harrington, R. E. Honig, A. M. Goodman, and R. Williams, Appl.
Phys. Lett. 27(12), 644 (1975).
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measurements the Si/SiO sample is sputtered with 4ihe ions. The energy

of the scaLtered He ion is related to the scattering element in a known

relationship.

If the oxygen and silicon ISS signals are plotted as a

function of time, the oxygen falls off as the interface is approached

while the silicon, of course, increases. Figure 26, in which the signals

are plotted as a function of oxide thickness for a hard wet oxide, shows

these data. The interfacial region is taken as that point where the

oxygen signal falls to 95% of its "bulk" value. 'he fact that neither

signal falls or rises abruptly is not significant. The gradual rise or

fall is caused by the rastered beam uncovering several different atomic

layers as it sputters a shallow crater into the sample. Even though the

signal is mechanically and electronically gated, the crater still has a

finite radius of curvature in the region sampled. The important thing

to note is that the silicon signal rises before the oxygen falls, an

indication of excess silicon. Figure 27 shows the same measurement for

a soft wet sample. If the data (solid lines) are interpreted correctly,

this soft wet sample has more excess silicon than the hard wet sample,

possibly an important difference between the two.

Unfortunately, at present we cannot consider this defini-

tive evidence of more excess silicon in soft oxides. As the figures

show, the instrument as it is presently configured produces data with

too much scatter (noise) to enable us to arrive at definite conclusions.

6.3 X-Ray Photoelectron Spectroscopy (XPS) Measurements

Radiation-hardened and soft wet- and dry-grown SiO 2 on

Si samples was measured by XPS analysis to determine if material stoi-

chiometry near the SiO 2 /Si interface could be related to the degree of

radiation sensitivity of these oxides. The hole-trap density is typi-

cally considerably less than the detectability of our laboratory instru-

mentation unless trapped charge resides in a very thin sheet near the

interface. Even if this were not the case, however, it might be

possible to detect interface variations that could be related to hole

trapping since, in most oxides, traps are typically tilled to only a
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sma II fract ion of their actual concent ration.38, 9 Therefore, it was

decided to study these samples by the use of standard laLoratory

apparatus.

Two experiments were conducted. In one the stoichiometry

of the Si/SiO 2 interface was measured on chemically etched 30-R SiO

films by observation of the chemically shifted Si 2p line. In the other,

100-R-thick as-grown films were sputter-etched while the shifted Si 2p

line structure was profiled a . a function of depth.

If the oxide layer on silicon is very thin, photoelec-

trons emanating from the interfacial region as well as from SiO 2 and the

silicon substrate can be detected. For photoelectrons from elemental Si

or from Si in SiO 2 , Si 2p electrons have been shown to have an escape

depth of 23 and 25 R, respectively.4 0 The presence of the chemically

sLifted Si 2 p photoelectron lines other than those representing elemental

Si and Si in SiO, was used to determine nonstoichiometries near the

interface.4 0 42  Nonstoichiometry at the interface, detected by surface

analysis, has been shown to give rise to electrical properties.
4 3 ,44

The following sections summarize experimental results.

iq J. It. Thomas 1I1, J. Appl. Phys. 45, 835 (1974).
V. J. Kapoor, F. J. Feigl, and S. R. Butler, J. Appl. Phys. 48(2),

40 7-9 (1977).
41S. . Raider and R. Flitsch, IBM J. Res. Dev. 22, 294 (1978).

G. Hollinger and Tran Minh Duc, Proc. 7th Int. Conf. Amorphous and
Liquid Semiconductors, Edinburgh, Scotland, June 27-July 1, 1977,

42p' 87.
F. J. Grunthaner and J. Maserjian, in The Physics of SiO 2 and Its

Interfaces, ed. by S. T. Pantelides (Pergamon Press, New York,
431978), p. 389.

J. S. Johannessen, W. E. Spicer, and Y. E. Strausser, J. Appl. Phys.
47, 3028 (1976).

44 The Physics of SiO 2 and Its Interfaces, by S. T. Pantelides

(Pergamon Press, New York, 1978), see Chapters VI and VII.
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6.3.1 xp erimental Techniques

The x-ray photoelectron spectrometer used in this study

is based oil the double-pass cylindrical mirror analyzer (l)PCMA) of Phys-

ical Electronic Industries, Inc. The DPCMA is equipped with a coaxially

mounted electron gun for electron excitation. Core-level photoioniza-

tions were performed with a magnesium K achromatic x-ray source

operated at 400-W input power at an accelerating potential of 10 kV.

This source provides a flux of \10 13 photons cm-2 at 1253.6 eV (K1,2

at the sample surface. Ion cleaning and profiling was accomplished by

means of a Physical Electronics Industries ion-gun Model 20-045. This

instrument is housed in an ultrahigh-vacuum system equipped with a

high-vacuum load-lock sample injection system. Typically, the base
-10

pressure in the vacuum system is 5-8xlO10 torr. Photoelectrons were

detected with a spiraltron electron multiplier and Princeton Applied

Research Model 1120/1105 amplifier discriminator and rate meter.

Photoelectron statistics were accumulated through the use of an HP

Model 5328A counter (Hewlett-Packard) and an Analog Devices digital-

to-analog power supply; these devices are software-controlled by an HP
45

1000 minicomputer and IEEE 488 bus interface. Data are stored on

disc during acquisition and are manipulated by data processing and

plotting software.

In this study, photoelectron spectra were obtained with

the DPCMA operating in a retarding potential mode. Survey spectra

were obtained at 200-eV pass energy, and high-resolution spectra at

25-eV pass energy. Statistics for high-resolution spectra were obtained

on a 120-point data base for 1.0 s/point and 50 passes (or 50 s/point).

High-resolution spectra were deconvolved into Gaussian components after
46

appropriate secondary-electron background removal where required. At

50 s/point, statistics were marginal on the Si 2p photoelectron line.

Increasing the number of passes, however, decreases the noise by only

the square root of the number of passes.

45.
46S . H. McFarlane and J. R. Woolston designed this system.

D. A. Shirley, Phys. Rev. B 5(12), 4709 (1972).
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Four kinds of samples were measured: hardened and soft

wet (pyrogenic steam)-grown and dry-grown oxide films. Growth condi-

tions are described in section 2. These samples were initially grown

to 700 X and some were etched back to 30 X. The 30-R-thick samples were

prepared to allow the interfacial Si0 2/Si region to be viewed directly

by XPS without sputter etching of the material surface. This approach

was feasible because of the finite escape depth of the photoionized

electrons. Thicker (100 R) oxides were used for depth-profiling XPS

measurements.

6.3.2 Results--30-R Films

Survey spectra were taken on four chemically thinned

samples. A typical spectrum is shown in figure 28. The spectrum shows

oxygen, carbon, and silicon. No sodium was detected within experi-

mental limits (^0.1% detectability). The carbon observed on the surface

is probably due to physically absorbed CO or CO2 . Because of the film

thickness, some of the silicon signal is coming from the substrate.

The ratio of Si to 0, therefore, is not 1:2, as would be expected in a

stoichiometric oxide. 4 7 Also a trace of nitrogen is observed on each

surface. If it is assumed that the CO (or CO2 ) is not involved in a

chemical bond with the Si and SiO 2 surface, the high-resolution spectra

of the Si 2p photoelectron line should give some useful data concerning

the interface region.

High-resolution spectra of the silicon 2p and oxygen Is

photoelectron lines were obtained for each sample. Typical silicon 2p

and oxygen Is spectra are shown in figure 29, along with the Gaussian

components of the silicon 2p line. The silicon 2p spectrum consists of

two major lines, one at 104.35 and the other at 100.0 eV. With this

instrument, elemental silicon is observed at a binding energy of 99.4

4 7 j. H. Scofield, J. Electron Spectrosc. 8, 129 (1976).
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Figure 28. XPS survey spectra of a pyrogenic-steam oxide.

48

eV. Thus, all the spectral lines are shifted down by 0.6 eV so that

the low binding-energy component corresponds to that for elemental

silicon. The oxygen Is line is observed to be a single peak at 533.2

eV (referred to the 99.4-eV Si 2p elemental line) having a full width

at half maximum (FWHM) of 1.8 eV. These data were not fitted to a

Gaussian curve. The high binding-energy line is due to Si in SiO2. 40

This is in good agreement with the results of other investigators. 4 0 4 2

The FWH of the Gaussian curves fitted to the main lines (103.8 and

99.4 eV) are 1.8 and 1.35 eV, respectively. The poor fit of the Gaussian

to the 99.4 eV is due to the presence of the unresolved spin doublet

2pi1/2,3/2- No attempt was made to deconvolve the doublet since the DPCMA

is not capable of providing sufficient resolution. The slight background

48 _

4. H. Thomas III and A. M. Goodman, "AES and XPS Studies of Semi-

Insulating Polycrystalline Silicon (SIPOS) Layers," J. Electrochem.
Soc. 126(10), 1766-70 (1979).
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7 slope is an artifact and is due to tile presenlce of a norse I u( tt uat tiol

at the low binding-energy side of the spect rum,. The FWIIm of t he 103 . 8-eV
40lie (1.8 eV) is in good agreement with the data of other investigators.

A thi rd Gaussian component at 101 . I eV is required to

fit the silicon data of figure 29. Ili other studies, a line due to

SiO has been observed in the general vicinity of 101 eV (see, for ex-x 4042

ample, Raider and Fletsch and Grunt haner and Maserjian ). 'llhi s

component is observed in i ittirig the data of the four samples wit h

varying amplitudes. These data are summarized in table 5. The ampli-

tudes of the Gaussian components are observed to vary from sample to

sample. The major lines at 103.8 and 99.4 eV change amplitude because

of- a variation in film thickness. In fact, the film thicknitss -all be

roughly calculated from the known estape depth for silicon 2p elec-

trons. Using a simple model in which the photoelectron line area is

given by
49

-/ 0

dl = N a K F e dx (13)

where I = intensity, N = atom concentration, 3 = photoionization cross

section, K = spectrometer constant, F = spectrometer transmission, and

x is the inelastic mean-free-path (IMPF) for photoelectrons, we can

calculate the thickness of a film )f on silicon from the ratio of bound
40

to unbound silicon. The intensity of silicon in SiO 2 is given by

I(Si + N(Si + ) a (Si) K F x (Si+ ) 11 - exp (-kf/x (Si+)] (14)

and the intensity of silicon from the substrate attenuated by the SiO,

film of thickness, , is given by

l(Si° ) = N(Si° ) o (Si) K F x (Si0 ) exp (-kf/xo(Si') (15)

C. J. Powell, "Recent Pgogress in Quantification of Surface Analysis
Techniques" Appl. Surface Sci. 4492 (1980).
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TABLE 5. A COMPARISON OF' CHtEMI CALLY THINNED HARDENED AND SOFT
SiO 2 ON SILICON GROWN BY WET AND DRY OXIDATION

2!

Equivalent 1l0-eV state Carbon concen-
Sample I(Si+)/l(Si ° ) Q/x concentration (at. %) tration (at. %)

Hard-Wet 1.438 1.451 15.2 22.6

Soft-Wet 1.839 1.645 7.8 22.0

Hard-Dry 1.025 1.203 12.9 28.0

Soft-Dry 0.695 0.947 8.8 26.0

It the escape depth (IMPF) of electrons in SiO 2 is assumed to be equal

to that of elemental Si, then the ratio I(Si +)/I(Si 0 ) can be obtained

from equations (14) and (15). Solving this ratio of k, the oxide

thickness, yields the following:

= log e N(Si°) I(Si+) + 1 (16)
Xo N(Si+ ) I(Si ° )

where N(Si0 )/N(Si+ ) = 2.273 and x is assumed to be ^25 X.40 Sample

thickness is summarized in table 5.

As noted above, a third Gaussian component required to

adequately fit the silicon 2p spectra is observed. The amplitude of

this component does not appear to be associated with the observed sur-

face carbon contamination; that is, carbon makes up about 22-29% of the

surface concentration from the survey spectra. Therefore, it has been
assumed that this peak arises from the immediate interface region. For

purposes of analysis it will be assumed that the intermediate state

associated with the l01-eV line will be located in the plane of the

interface. To compute the "surface concentration" associated with

this line, the attenuation due to the oxide thickness must be taken

into account. This is simply done by considering escape depth.

Rewriting equation (13) in one dimension,

-X/x

dl N 6 (x - ) o K F e dx (17)
0 s
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where x a nd o are va Lues of elemental si I con. Integiating this ex-0
pression, the intermediate state i[tensity is given by

N (K F Xo e (18)

where I () Ns K F x is the intensity of the unattenuated line. By

use of the known 2/x ratio from table 5, the corrected Gaussian com-

ponent intensity is obtained. These data are summarized in table 5.

6.3.3 Results--100-R Films

XPS sputter profiling was performed on 100-R radiation-

hardened and soft wet oxides to attempt to study the stoichiometry at

the SiO 2-Si interface. Profiling was performed at a rate of 1.84 run/min

by means of I keV argon ions (at 5x1O 5 torr argon pressure). Data were

obtained in a step-by-step fashion by sputtering and then evacuating

the vacuum system after sputtering. Immediately after sputtering, con-

taminants in the vacuum system may absorb on the freshly formed silicon

surface. This can cause an apparent increase in the density of

intermediate states in the Si 2p spectrum.4 3 ,4 8  By determining the

normalized area of the Gaussian components of the silicon 2p line, a

depth profile was obtained for bound silicon in Si0 2 (Si+), elemental

silicon (Si0 ), and intermediate oxides (Si I). These data are plotted

in figure 30 as a function of sputter time in minutes. Equation (16)

and the known SiO 2 sputter rate of 1.84 nm/min were used to calculate

the thickness of the hardened and soft oxides, 86 and 99 X, respectively.

The 10-90% uncorrected interface width was 78 X for both samples. This

does not include the effect of the difference in the ratio of the

sputter rates (1.34) in SiO 2 and Si.50 This width is larger than the

one normally observed at the SiO 2 /Si interface by Auger electron

spectroscopy, indicating that the sputter spot is not large enough or

50J. L. Vossen and E. B. Davidson, J. Electrochem. Soc. 119, 1708 (1972).
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uniform enough at the DPCMA focus in the XPS mode. The total contribu-

tion of the intermediate states is also shown. The Gaussian component

is typically at 100.6 and 101.7 eV. Bond concentration seems to peak

near the SiO 2 /Si interface to about 24% in each sample.

Table 6 summarizes the binding energies of the Gaussian

components for each sample for Si0 at 99.4 eV. As reported by Grunthaner

and Maserjian,4 2 the binding energy of the Si+ peak shifts toward that

Iof Si0 . The intermediate states (Si ) occur at (1) AE5  2.4 eV and (2)

AE B  1.2 eV. It is known that sputtering may introduce states that

are not normally observed on unsputtered samples. Therefore, it is

believed that part of this bond concentration is caused by sputtering

and subsequent additional oxidation due to vacuum exposure during

pumpdown from the sputtering pressure. Qualitatively, however, the

intermediate-state density appears somewhat larger in the hardened than

in the soft oxide (28 and 22 %, respectively; see fig. 30). Further

studies are required to clarify the observed difference. One should

also include in this analysis the effect of escape depth and damage

range at each point in the sputter depth profile.

TABLE 6. BINDING ENERGIES OF THE GAUSSIAN COMPONENTS FITTED
TO THE SILICON 2p PHOTOELECTRON LINE AS A FUNCTION
OF SPUTTER TIME FOR tHARDENED AND SOFT WET OXIDES

Shift in binding energy* (eV)

Soft oxide Hardened oxide

Time + [ + I I
(min) Si Si (1) Si (2) Si Si (1) Si (2)

0 4.5(1.8) - - 4.4(1.7) -

2 4.5(2.1) 2.35(2.0) - 4.5(2.3)

4 4.4(2.2) 2.3(2.4?) 1.2(2.4?) 4.05(2.3) 1.35(2.4)

6 4.05(2.3) 2.15(2.3) 1.15(2.3) 3.85(2.3) 2.35(2.3) 1.15(2.3)

8 3.83(2.3) - 1.2(2.3) - 2.65(2.3) 0.95(2.3)

I*FWHM given in parentheses; S intermediate-state silicon.
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6.3.4 Conclusions

XPS measurements of chemically thinned oxides and

sputter-profiled oxides show measurable differences in the interfacial

nonstoichiometric silicon 2p photoionization lines. These intermediate

lines are shifted by 2.4 and 1.2 eV from the elemental silicon line at

99.4 eV in the sputter depth-profiled samples. Chemically thinned

oxides show an intermediate state shifted by 1.7 eV, that is, midway

between the chemical shifts of the sputtered films. On using Raider

and Flitsch's expression relating the chemical state of the silicon with

the observed chemical shift in the silicon 2p line4 0 (that is, in SiO ),

one obtains AEB = 2.2x where x = 0.77 for AE B = 1.7 eV, and x = 1.1 and

0.55 for AEB = 2.4 and 1.2 eV, respectively. The actual difference be-

tween _EB (chemical etch) and AEB (sputter) is due to ion-damage ef-

fects that are presently not well understood.

The concentrations of the intermediate state in both

experiments show that the hardened oxide has a state density a few per-

cent larger than that of the soft oxide. Because of the poor experi-

mental control of the samples studied (e.g., air exposure after etching),

it is not clear if the difference ("4%) between the soft oxides is

significant. However, it is interesting to note that electrical meas-

urements show the difference between the hole-trap density of the

hardened and the soft oxides to be significantly larger in the wet than

in the dry oxides. The intermediate-state-density ratio (hard/soft) is

larger for the wet than for the dry oxide (1.95 vs 1.46, respectively).

These electrically unidentified states may act as compensation for the

observed hole traps even though they are observed at (surface) con-

centrations of -10%. If these states are dispersed in the interface

region, much lower bulk densities can be expected. If the states are

electrically active, it is unlikely that more than a few percent of the

measured state density will be involved in trapping or compensation.
38'39

This study has shown that XPS can be used to reveal core

correlations between radiation hardness and processing. Further studies,

based on more sophisticated experimental procedures should be initiated

to clarify and more fully characterize the results of this first study
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in which standard XPS facilities were employed. IL addition, a detailed

study of Auger electron spectroscopy lor sputter-depth-protiied hardened

and soft oxides may also lead to a greater understanding of the effect

of processing on radiation hardness.

7. SUMNARY

Dry- and wet(pyrogenic steam)-grown thermal oxide silicon

wafers have been oxidized for several investigations concerning the

radiation hardness of thermal SiO) MOS kevices. These oxides were

grown under conditioils known to produce state-of-the-art hardened

oxides as well as very soft oxides. The purpose of this investigation

was to try to characterize the various oxides electrically and chemi-

cally to see if a better understanding of the basic mechanisms respons-

ible for hole trapping in SiO 2 could be obtained.

4 Electrical measurements consisted of high-frequency and quasi-

static capacitance voltage (CV), triangular voltage sweep (TVS), and

thermally stimulated current (TSC) measurements. Hole traps were

filled either by 1-leV electron irradiation or l0.2-eV vacuum ultra-

violet (VUV) irradiation.

Preirradiation TVS measurements at 300'C showed that these10 -2

oxides contain mobile ions with densities ranging from 3.5x1010 cm to

12 -2
about 1.5xlO cm . Although we have shown what appears to be mobile-

ion movement under VUV irradiation, there is no correlation between the

radiation hardness of soft and hardened oxides and their measured mobile-

ion concentrations. In fact, hardened dry-oxide wafer 06128L had the

highest mobile-ion concentration. In addition, in some of the thick-

metal capacitors the ions are evidently distributed in a laterally non-

uniform manner because the CV curve after stressing has a long shifted

"tail" and is hardly shifted at all along the rest of the curve. TVS

measurements show peaks that are believed to indicate the presence of Na

and K. TSC measurements also show two peaks after an initial positive-

bias stress to the capacitor. The location of these peaks at 335 and

535 K corresponds to the location of peak,- previously mea;ured in delib-

erately contaminated samples containing Na and K, respectively.

72



On some thin-metal wet-oxide capacitors a preirradiation slow-

trapping instability was observed. TVS and TSC measurements have led

us to conclude that the slow trapping is due to the field emission of

electrons from neutral traps, not hole injection. This may be caused

by water vapor or organic vapors from the plastic boxes used to store

the capacitor wafers.

The thermal-annealing measurements of irradiated MOS capac-

itors gave varied, but quite interesting, results. Dry-oxide TSC spectra

show a gradual increase from 300 to 600 K with no pronounced structure.

One exception was a thin-metal capacitor that showed a postirradiation

TSC peak at 335 K. Wet oxides exhibit two distinct types of behavior,

depending on whether preirradiation thermal behavior is dominated by

slow trapping or mobile ions. Those wet-oxide capacitor wafers whose

behavior before irradiation is mostly mobile-ion dominated show post-

irradiation TSC spectra with distinct peaks at 335 and 585 K, the peaks

pieviously identified as representing Na and K. TVS measurements before

and after irradiation show no increase in mobile-ion density. We con-

clude, therefore, that the irradiation and/or hole flux has moved mobile

ions from the Al to the Si interface. Additional TVS measurements also

indicate that holes are probably trapped near ions and that detrapping

occurs when the ions start to move from one interface to the other. The

presence of large densities of ions may distort the local field and

could explain the apparent release of holes in a manner resembling that

in which mobile ions are released during TSC and TVS measurements.

Those wet-oxide wafers with capacitors having slow-trapping-

dominated preirradiation behavior show quite different results. Pre-

and postirradiation TSC spectra from identical capacitors from the same

wafer show that the holes are trapped very shallow in energy with a

probable TSC spectrum for the holes peaked around 410 K. However, if a

capacitor has been negatively stressed by TSC before irradiation, the

postirradiation thermally stimulated current is very small until near

600 K, and then begins to peak. The incomplete relaxation of the CV

shift also indicated that the hole traps are only partially emptied.

Although the emptying of the neutral electron traps by negative TSC

stressing raaically changed the thermal-annealing behavior of trapped
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holes, it apparently did not affect the radiation hardness. We believe

that hole trapping in these oxides proceeds through an intermediate

state (which is not affected by the field emission center) to a final

state whose energy depends upon the occupancy of the field emission

center.

In attempts to obtain analytical measurements for these oxides

we used ion-scattering spectroscopy (ISS), x-ray photoelectron spectro-

scopy (XPS), and secondary-ion mass spectrometry (SIMS).

Measurements of the interfacial stoichiometry were made with

both ISS and XPS. ISS results show a slightly wider "excess silicon"

region for the soft wet than for the hardened wet oxide. However, the

data contain a large amount of scatter and thus might be interpreted dif-

ferently than was done in figures 26 and 27. XPS measurements show the

presence of interfacial nonstoichiometric silicon in all oxide types.

This intermediate-state density is larger in the hardened than in the

soft oxides. These states may act as a type of compensation for the

disorder that is probably associated with hole traps.

SIMS analysis of the SiO 2 film shows that the technique is

capable of measuring both sodium and hydrogen at fairly low levels. The

Na measurements confirm TVS electrical measurements with respect to the

density of mobile ions measured. Measurements of hydrogen show that a

11000 C steam oxide sample contains a background of hydrogen at a concen-
19 -3tration of 8xlO1 cm . This suggests that hydrogen may play a greater

role in electrical phenomena in SiO 2 than was thought at one time.
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VINCLSS 'INLY) OICY ATTN H V GR011'

rrOoyEAp AEqOSRDACTCCr
ARI 'DNA OIVISI )N
LITCHFIFLT1 PARK, 47 8 143

01CY ATTN SErUVITY rrTZrCI STATTON FARRIS CORP.
HARRIS SEmICONDUC(TOR DTVTSIDNK
P n Box 993
MELBOURNE, Ft. 3?r01

jICY ATTN r ANDERSCN

CANER AL [CYNAMITS COPP 01Cr ATTN J CCPNELI

FORT WORTH OIVW, ION OICY ATTN T StNPERS

P r RIX 74P, ';PANTS Ls.N
FIQT WOR)TH, TV 7f6101

01r AITN P CT-LOS HONEYWELL, INC.
01CY ATTN IWnrlr AVICNICS DIlVISION

2600 AIOGEWAY PAPK WAY

MINNFAPOLIS, MN 55411
01Cr ATTN R CUMM

rENEFAL 'J FCTPIC C).

~'ArJ r.I/I IO)N
VAI t F y r IRGr SPiCE CEV'TEk OEWLIC

0141 t t t HIA, P' I IlI AVIONICS OIVjS'ON
JlCN AlTTN 1 AB0<EWS P 0 BOX 11563

01ltY ETTN Q _A V : ST PETEFSRURG, CL 33713
3CITv A'-IN I PrrOi N 01Cr ATTN C CFRULI7
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US~ "~if 25/04/8.)

0(''--'MCN Of ot NSf f:CNTR(-nR I NTFRNATIONALNTEL 5f TfItC'-AP- CORP.
- 500 WASH NC,TDN AV NUF

NLJTLFY, NJI 07110

HONEYWELL, INC. JIY ATTN AEP 60f-9D

RADIATIO'N CENTEERv( TNAPCfW0

2 FORBES ROAD
LFXINGTCN, MA 0'173 ITRI N. -

JICY ATTN TECI-NICAL 1-14PARY I250 SCOT INC,1.VP

SANTA CLARA, CA 95051
OICY ATTN 0 MACCCNALD

H(UGHES AIRCRAFT C 1.
CENTINELA AND T.ZALF IRT CORP.
( LIVER CITY, CA ',,?3,) P 0 9n RJOR7

011Y AITN R mCGIIhtN SAN DIECOI, CA 92139
OICY ATTN J SIN'LFTA.IY 61CY ATTN .J HARRITY

-UESAIRCRAFT CO.
EL SEGU)NDOr SITF
p -) BOX 92911)
LOS A',3FL ES, (A 'kUCq SjAYCnR

o1cy ATTN E SMITH. 1401 CAPINO' DEL MAP

J Ir Y AITN f0 rI-UMAKE DEL MAR, CA ()?)14

JlC I AI N % F,)' T (DESIrES rfY 7NE C('vY)
JICY ATTN L SCOTT
OLCY ATTN R STAHL
OICY ATTN T FLANAGtN_

JOHNS HOPKINS tUNIVFRSITY
R

0
I&17C APPLIED PHYSICS -lB_

"o ; NY I 3Q27 JOlHNS HOPKINS D'140 -

jiCY ATTN T MARTIN tAUREL, mD 2)910

OICY ATTN F TIFTSE OICY ATTN P PARTRIDGE
J I(Y ATTN -H mATf-ERS-

KAMAN SCIENCES Cr.RP.

Di 0 POX 7463
1 IT PESEARCH INSTITL:TE CLICRAfDO SPRINGS, CO 8093

- 1w 1 5TH cTREET OLCY ATT-N H RECL--
CHICAGO-,, It 60616 0lCY ATTN J LURIELL

0 1( ATTN I MINOEL

LAWRENCE LIVERMORPE LAP~r ATORY
INSTITtUE FOR DEFENSE ANALY'TET P o POx 8DB
400 APMY-KJAVY CPIVE LIVERMORE, CA 94550
ARLINCTCN, VA 2220? OLCY ATTN OE CON FOR TECHNICAL

OICY ATTN TECI- INFO. SERVICES INFORMATICN DEPT.

LITTON SYSTEMS, INC.
IN'Ft CORP. GilIlANCE & CCNT C[j SYSTEmS DIVISION
1)6, I-IwFPS AVf:NLE 59011 CANOGA AVENUE
MAIL STOP 1-156 WOOPLANn HILLS, CA q1364
SANTA CLARA, CA 05051 QICY ATTN-C m0 r, MACOCX

01VY ATTN m~ JntDAN OlCY AITN J PFT7LEP

IN4TERNATIONAL qSISINCSS MACHINf CORP. LOCKH4EED W1SSILFF & SPAC-c CO., INC.
THOMAS NATSCN PESEtRCI- CENTER 3251 HANCVER ST-EET
RIX 219 PALO ALTO, CA 94.304
yORWTnWN HEIGHTS, NY I 05')R OICY ATTN J CPPWLEY

JjCY AITN J 71IGLE OlCY ATTN J SMITH
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U, 1 0- 5/04/Rj '4CnrNNELL OCtJCI AS CORP.
3855 L AKIIfOf PrUL FVAF f:

I) ~TFT fl)- IFl NSt C C. TRACT-1k LONG HFACH, CA 110 P 4

uLCY A'TN T ;r, N I CAt L IRilAPY

LnCKH17ED MISS!1" F, SPACF CC., INC.
p () rt T 504
SUNNYVAI E, CA 94.0,16
01CY ATTN I HEFSSEI MISSMrN orSEA1CH Cf)PP.
OICY ATTN r THOPPSON P nl ORAWEII 119
01CY ATTN P RENT SANTA HANE(ARA, CAP q3lo2
01(y A11N M SI T H (AIll ClASS: A

T
TN: '"C 31 C P))

01I Y ATTN ,Ml PH 01CY A'IN C LIFNIMIRE
OILY ATTN C' PVIL L IPS/r.PT (2-46 P-ICC 151

MISSI9)N RESEAPCH r(TSP.

EM4 SYSTFT 11 PPILICA I ICNS IV IS ICN

(.9" AI.A-,US SClRNTI'VIr I tBORATIIY A400 'AN -AF Al VD T1O ,,T~
MAIL TATTIN% )jtj LUCtIY 1,F 37NPE 04

P u R Ix 1t63 UC TN PA

tNr At.~", N' P71;45
0 1( Y ATTN GCTC tCCN Ff!P J Rr%(

-. I.T. LINCC'LN LAP MISSTI.N PESFA'CH 1.- NPfC
P -1 AnY 71 P C. RPT 1?0q
LF'RINGTICN, MA J2173 LA JCLLt, rA ')2j39

j lf'Y AITN P -CKEN71F ( V I( T Ak J VA N t INT)I
01(Y ATTN V VFN (I TT

jiL Y ATTN J [AY-CKI
MAG.NAVOX V,5TVT F. MrCS i I CTRfNJ C S C n.
13 i3 PRUom rT I N pn A C
rmTT WAYNE. IN 46R)A

OICY ATTN w N TCIESF npp
P 0 PflX 70A

BEFLnI'. 4A 01733
JICY ATTN m FTT7CER ACE

MACTIN MAPIC-TTA FIP.
P pnxrp4

09 LINLT n4- 12RA5 Mfl RflLh, INC.
D1(N ATTN W jAN~irKri rnVFRNUENjT ELICTP2JNICS fOIVIcIC3N
0O1(y ATTN w pr1 RTST f7 n q) 141 7
0OIFY A TIN P ' AVNI SCI)TSCAI I-, Al P52 ?
JICy ATTN - 'ArT' OILY ATTN A CI-TSTENCTfN

MAR TIN MAUIF
T

TA (-)IV.
r rjT rp -11 f, , IN.

rl Nv; , SE V TNUjU(T ICQ '*ACI P
oIrY A TT N F AT F p p "'Tx ?t)53

PHrfN!E, A7 11106?

OICV AITN t rLTt"S

JI(SY ATTN P TA"TTNF

"r ITN~ IL ITCLJ,-tI P 'TPP
O 1, A SI 5 PAT TONAt ACAcrwy r SCrUN(rC
ST L, JI ', '16316(1 NATIONAL MjTFOTAI S APVISCzcy pVARC

oGry ATTN I I 1At' 2101 CrCNs TITIfTj )N AVINI~i_,_NW
j ry AT T, -,TIT( ItW MS14 HISON, r' 2)1

rI~ v~ A rN -'- 0 1CY AT7TN 'I NI'E

' IDCNNELL TCiWIAT rC'~p. NATIOtNAl ", EM IIt(LTt C IRP.
5 10I Pflt "A A VF NI!E ?q0O SEMIrCNfOICTrO CRIVI
-INT I 'JN'Tlj qp5I , , r '4 ,7 SANTA CLARA, CA Q50S I

u trY y ATT J .4CL LI~lm OILY AITN ILrNPCN
lIY TTN C ITIC.FQII OILY AITN WANT,
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1'A IIMEN OlF PFF' NIS t CNTPAC-' N!S

KFW M4rKICq. UNIVI!SITY CF
EL CC iRICAt FNGI 'FFT~f F~ C(,MPtirrR ' C I 5NCr D-PT TTCA CORP.

Al luEF~~. N Q~jj CrVPI NulNT SY',TF ' Cili.ION'
OICY .VTTN H sCufHA' r) ASI rLFCTRfljNr(.

P n Brix RuD. LnrL"<' CPIINFP
CAST WIN" SCR T(TUN'4IP
PRINrETrN. NJ u P4 0

0 ICY ATTN r, liCKcP 1lI4r L ti 'JL Y

NORTHROP '1FP OLCY ATTN V mANCI%L

IRESFAPCH P4.Z(

PALOS VERIIES PUNIN5 UL( Cl 'C?74

.JICY ATTN J %JlPIP
0ICY ATTN P E115 P rP- RCA CITAP.

OICY AlT' TN 14( KSCN r,VEPN4mFNT SYSTEMS C IVi Io0
MISSILE & SIFE TACt
MARNE HIGHWAY r. F(7 TCF. LPNIN(, Ri'

MOORESTCIWN, NJ ')P.)57
NORT'HROP rORP. 01rY ATTN R Kil 11
ELECTRONIC OIVIS TON
2331 w 12JTH 'T'wEE'
H,%WTH'1RNE, CP 0125,

OICY WTN L PI i'

DCA CORP.
CAMDEN CCmpI.SN
FkGNT C CO)OPEr? STQrT

PHYrICS INTFFN."TI0NAL r'-. JilY AITN E VA~N K(1 Q-f
2700 MEPlC(E STR FT OLCY ATTN J SA(JITi
SAN LFANiIrOn, CiA 94577

JlCY ATTN% qIVI1Cf, 600j]
JICY A'TN J1 HtNTIV,1IN
01ev ATTN J

PCA CO)RP.
SOMFRVILIY PLANT, 5prl[ STbTE CIV

R C P ASSICIAT", p 0 BOX 591
P 0 PTny 9135 SCjMFPV!LLE, NJ jF476
mPIAJA OEL PfY, rl 9,)191 DICY ATTN W. 4LLFN

OICY ATTN R4 uCLL
OICY AITN C MACOCNPLO
0LCY ATTN S ''5rQS

RENSSFU1ER POLYTECHNIC INSTITUTC
p nl PflX 965
TROlY, NY 12181

01(r ATTN P CUTMAtNN IIJNCLAS ONLY)
qANQ CIP.

1700 MAIN STRFr'
SANTA 'i'NTCA, CA 1040C.

jlrYATT C C4INRFSEAPCH TRIANILF I4S)ITITT
P n RIX) 12194
rFSFARCF TRIANSIE PARIK, KC ?71jO)

- ALI ~oppS ITTN: SF( OrrtCEI-

PAYTHIFON rO. JICY ATTN M' TlM'NS JiL
"4aPTWELt FCAD
RrDFOR0, MA 0173C

jlrv ATTN J CIC(Ir

rlCXWFIL TNTrONATTCNtt Crpr'.
P n RPlX 1105
ANAVICTA'. CA 979l13

RAYTHEON CO. JJCY ATTN V CIA tvlTkr
s2g snS'CN POST P010 0rY ATTN V cTr/AHAN
SUDRIIRY. MA 01774 01CY ATTN G, v[S'NCY

31jCY ATTN 6 ai AN CF N 3)1( Y ATTN J nEII
)ICY iTTN P ~l- ulCY AITN T IK
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051 DAIF 215/04/80 SIN6FP CO.

1150 MCBRIDE AVENUE
OEIpAQ'MENT OF OEFFNS CCNrRACTORS LITTLE FALLS, NlY 074?4~JI(Y ATTN J RRINKPOAN

ROCKWELL INTERNATIONAL (COP.
SPACE nivisinN
12214 SOUTH I AKr hOnO AnUtLFVP~fRn
DOWNEY, CA 90241 SINGER CO).

OICY TTN STEENS ATA SYSTEMS

WAYNE, NJ 07470
GICY ATTN P SPIECEL

-ROnCKWFtL 1NTFP-N~tIO-N-ACCRP.-
915 LAPHAM STRFET
FL SEGUNDO, CA c,0245 SPERRY RANG CORP.

OXCY AITN TIC BAOft SPERRY MICROWAVE ELEC'RCKICS
OICY ATTN T YATES P 0 BOX 464A

_____________CLEARWATER, FL 3351F

OIC-Y ATTN FNrINFERINI LfRCRPLTCRY

SANDERS A!SOCI -ATES. INC. SPERRY RAND CnP".
95 CANAL. STRErl SPERRY DIVISIoIN
NASHUA. NH 0306) ____ MAR CUS A VfNIE
OICY ATPK L 4PnUR EAT -NECF, NY 11020 -

UlrY AT TN F S I P AVA r[II ONE
OICY ATTN P MAR~rFINO
OICY ATTN C CRFAIC

SANDIA NATIONAL LAPCRATORIES OICY ATTN P, V1rTLA
P 0 Brix 540-
ALBUQUERQUE, N- 8718_5

(ATTN MAl SE V _ICES SECTION FOR SPERRY RAND CORP.

IN4TENDED RECIPIENT SPERRY FLIGHT SrFiS

OLCY ATTN DOC CCN FOR F CCPPAGE P 0O BOX 21111 -
OICY ATTN pcr cCh FOR. W nAWES PHOFNIX, Al 85036

OICY ATTN nrc CON FOR R GREGORY 01CY AlTN 0 SCHOW

OLiCY -ATTN 61C CfCN FOR- I RNPUM"
01CY ATTN ncc C13N FOR j HCqn

SCIENCE AFPICAT IONS, INC. UNIVAC PARK
P 0 BOX 2351 P OX 1525
LA JOLLA, CA 9203R ST PAUL, MN 551(5

OICY ATTN V VERBINSKI 01CY ATTN J INO.&
OICY ATTN 0 1 CNrG

-OLCY 67 TN- VOPHAN
01CY ATTN J NAREP

SPIRE COPP'.

* SCENC APLICA~flS, NC.P 0 BOX D
SCINCEAPPI(A~noS, ~c.BEDFUOD, MA 0173U

8400 WESTPARK CPIvE d~f ATTN P I-ITTLE
MCLEAN, VA 22111

OICY ATTN W CHACSEY

SRI INTERNATTINAL
i3l3R AVENS flOC AVE _NI _ 1~CI~flC~~, Tt. -MENLO PARK, CA Q25

P n BOX 145P UICY ATTN P OCLAN
-tiROAor S PRINr,CO -At3 OICY ATTN F GAI TEN
OICY ATTN n cTRIOLING JICY ATTN A WI-ITSCN
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DATEF 25/04/Rt0 V)UrHT CCFP.

T'tP4TMEI OFr~cNSI.cc,~~&c~~ fALLAC, TX 75265
(lE(b4TM~f IF nrNS CCT~h~'5I FCRMFRLN LIVo AEROSPACE COSkPflATION1

OICY ATTN 4 T n 4 'A
OLCY ATTN LIB aAPY

SYSTRON-OCNNFP rC' P. OICY ATTN TrrI.-NICAt nAlA! CENTER
IC90 SAN MICLJFt R')IX
CNCORD, CA 94~51P

o i Y T N _ I D II IATFWESTINGHntJSE 
FLFCTPIC C'?.

AEROSPACE E. FtFCTRINTC SYVSTEMS 01V
P 0 BOX 1693 _____

TELEDYNE RYAN AFRr'NAUTICAL HALT] MORF-WASHT NTN IN~TL AIRPORT
27LU1 HARBOR CDPIVF SALTIMORF, ME) 21203
-SAN OIEGC:. CA 'Zi39 OICY ATTN L mCPHEPFCN

JICY ATTN J QAWLING-S_

WESTINGHOUSE FLECTRIC COPP.
DEFENSE AND ELF(14'qNICSvS1E45 CTR
p o BOx 1693

T~XA 1NTRUENTS IN. -BALTIMCRE-WASHINrTON INTL AIRPORT
TtXA INSRUMETS, NC.BALTIMrPE, ME) 21203P 0 Br'x 225474 OICY ATTN 0 CPICHI

DALtAS, TX 7165 OICY ATTN H KALIPACt
(LIN(LASFIFIED CC P C 3n'X 60151

olry ATTN A PELFTIFF
jICV AITN P 1,TCHLIN

TFXA' pNSTRIJMFNTS , INC.
P 0 BOIX 226015
DALLfS, TX -10-66--

QICY &TTN F PCBLENI

TRW DEPENSE E spAcF' Sys CROUfP-
ONE SPACE PARK
REDONDO PEACH, CA 9027A
oICY ATTN A P&VELKC
0ICY ATTN A wITTELES
OICy ATTN H HrLtOWAY
olCY ATTN n 4CAMS
OlCY ATTN R KINGSIJNr)
0O1 y ATTN P rtIILFCYIC

TRW DEFFNSE & SPACE SYS C.ROLIP
p 0 8Ox 1310
SAN BPNARDINO), CA e,243?

()- ICY ATTN R X ITTER__

OjCY A'TN r FAY
OLCY ATTN M CCMAN
oiCY ATTN ATTN w WILLIS

TRW SYSTEMS ANC ENF7RCY
P 0 BOX '469
CLFtPFIFLO,. UT R4015

OLCY A'TTN . IZPFHAR

,)ICy ATrN R rILILLfNQ
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